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(57) Abstract: The present invention relates generally to regenerative braking methods for a hybrid vehicle such as a hybrid loco- 
motive, which are compatible with optimum management of a large battery pack energy storage system. Four methods for recovering 
energy from regenerative braking and for transferring this energy to an energy storage systems are disclosed. These methods may 
also be used with battery operated vehicles. 
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REGENERATIVE BRAKING METHODS FOR A HYBRID LOCOMOTIVE 



FIELD 

The present invention relates generally to regenerative braking methods for a 
hybrid vehicle such as a hybrid locomotive, which are compatible with proper use of 
traction motors during braking and with good management of a large battery pack 
energy storage system. Some of these methods may also be used with battery 
operated vehicles. 

BACKGROUND 

Railroads are under increasing pressure to reduce emissions and fuel 
consumption. In the search for efficient engine and fuel strategies, many different 
power plant and power delivery strategies have been investigated. Some of these 
strategies have involved locomotives using multiple engines. For application to 
locomotives with two or more engines to reduce emissions and fuel consumption, 
Donnelly et al have disclosed a versatile multiple engine control strategy in U.S. 
Provisional Application 60/674,837 and a high-power density engine packaging 
method in U.S. Provisional Application entitled "Multiple Engine Locomotive 
Configuration" filed June 20, 2005. These applications are also incorporated herein 
by reference. 

Another response in the search for efficient engine and fuel strategies has been 
the development of hybrid locomotives. Donnelly has disclosed the use of a battery- 
dominant hybrid locomotive in US 6,308,639 which is incorporated herein by 
reference. Other strategies to reduce emissions and fuel consumption involve 
combinations of conventional and hybrid locomotives in a consist 
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A key component of the strategy to use hybrid locomotives to reduce fuel 
consumption and emissions is the use of regenerative braking systems which can 
recover a significant portion of the kinetic energy of a train during braking. Especially 
in a hybrid locomotive, a successful regenerative braking system requires proper 
5 management of a large energy storage system and a specific control strategy for 

utilizing traction motors as generators during braking. 

US 6,615,1 18 entitled "Hybrid Energy Power Management System and 
Method" discloses a tender car containing an energy storage apparatus used to capture 
and store energy that is otherwise not used. The energy storage unit may be charged 
1 0 by the adjacent conventional locomotive when it is not being fully utilized or by a 

regenerative braking system. The energy stored in the tender car may be used to 
augment or boost the power supplied by the locomotive to the traction motors on the 
locomotive or on the tender car itself. US 6,615,1 18 does not, however, describe 
specific methods of efficiently recovering regenerative braking energy and managing 
1 5 its transfer to an energy storage system. 

US 6,737,822 discloses a power system for an electric motor drive that 
incorporates a combination of high power density and high energy density batteries to 
provide a hybrid battery system which prevents electrical recharge energy from being 
applied to the high energy density battery while capturing regenerative energy in the 
20 high power density battery so as to increase an electric vehicle's range for a given 

amount of stored energy. US 6,737,822 does not, however, describe specific methods 
of efficiently recovering regenerative braking energy and managing its transfer to an 
energy storage system. 
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US 6,441,581 describes an energy management and storage system comprising 
flywheels and batteries and an energy storage system controller adapted to store 
energy during load-supplying periods and to supply energy during load-receiving 
periods. US 6,441,581 does not, however, describe specific methods of efficiently 
5 recovering regenerative braking energy and managing its transfer to an energy storage 

system. 

Donnelly et al. have disclosed a method of allocating energy amongst 
members of a consist in copending U.S. Patent Application Serial No. 1 1/070,848, 
filed March 1, 2005; and have disclosed a method for monitoring, controlling and/or 
1 0 optimizing the emission profile for a hybrid locomotive or consist of hybrid 

locomotives in copending U.S. Patent Application Serial No. 1 1/095,036, filed March 
28, 2005, all of which are also incorporated herein by reference. 

In U.S. Provisional Applications 60/607,194 and 60/618,632, Donnelly et al. 
have further disclosed a general electrical architecture for locomotives based on 
15 plurality of power sources, fuel and drive train combinations. The power sources may 

be any combination of engines, energy storage and regenerative braking. These 
provisional applications are also incorporated herein by reference. 

Large energy storage battery systems are known, for example, from diesel 
submarines. Submarine battery packs are designed to provide high energy storage 
20 capacity for extended underwater operations during which the battery pack cannot be 

recharged. Battery pack cost and lifetime are generally not major concerns. 

In the late 1990s, a large stationary lead acid battery system was installed at 
the island village of Metlakatla, Alaska. The 1.4 MW-hr, 756 volt battery system was 
designed to stabilize the island's power grid providing instantaneous power into the 
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grid when demand was high and absorbing excess power from the grid to allow its 
hydroelectric generating units to operate under steady-state conditions. Because the 
battery is required to randomly accept and deliver power on demand to the utility grid, 
it is continuously operated at between 70 and 90% state-of-charge. 
5 It has long been thought that to achieve optimum life and performance from a 

lead-acid battery, it is necessary to float the battery under rigid voltage conditions to 
overcome self-discharge reactions while minimizing overcharge and corrosion of the 
cell's positive grid. This has resulted in batteries being used primarily in a standby 
mode. As used in hybrid vehicles including hybrid locomotives, however, the battery 
10 is rapidly and continuously cycled between discharge and charge over a relatively 

broad range of total charge. 

Systems involving prime movers such as for example internal combustion 
engines, energy storage systems such as for example battery packs and regenerative 
braking systems under the control of a computer or controller are well-known. The 
15 Prius automobile is such an example. Such a system applied to locomotives is 

described in US 6,615,1 18. The latter does not describe how a regenerative braking 
system can be managed for a hybrid locomotive that includes multiple engines or 
large energy storage systems connected to propulsion motors by a DC bus nor does it 
describe how a regenerative braking system can be utilized to optimize battery 
20 lifetime in a large battery pack. 

There therefore remains a need for specific operating and control strategies to 
recover energy from regenerative braking, compatible with the use of traction motors 
and with proper management of large battery pack energy storage systems, so as to 
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provide a system that is economically competitive with or superior to conventional 
locomotives. 



SUMMARY 

5 These and other needs are addressed by the various embodiments and 

configurations of the present invention which are directed generally to incorporating 
regenerative braking methods for a hybrid vehicle such as a hybrid locomotive while 
remaining compatible with controlled management of a large battery pack energy 
storage system. The inventions disclosed herein are also applicable to a battery-only 

10 powered vehicles. 

The present invention can be applied to a battery-only locomotive, a parallel 
hybrid locomotive and/or a series hybrid locomotive. In its most preferable 
embodiments, the present invention is preferably directed at dual mode hybrid 
locomotives and a subset of dual-mode locomotives referred to as battery-dominant 

1 5 hybrid locomotives . 

An objective of the present invention is to show how a dual-mode hybrid 
locomotive can be configured with multiple traction motors with independent control 
of the field windings that can be used in control of motoring power and regenerative 
braking energy recovery. In another more preferred embodiment of the present 

20 invention, a method is disclosed that utilizes the temporary inductive storage of 

braking energy in the traction motor windings. In addition, this preferred method is 
compatible with a locomotive that has a separate power control apparatus for each 
traction motor during motoring which allows the time sequenced release of braking 
energy from individual motors. During regenerative braking, the various 
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embodiments of the present invention disclose how the motoring circuit can be readily 
converted principally by voltage regulation and minimal switching to provide an 
energy storage charging current that can be controlled in accordance with the most 
desirable charging practices. 
5 In various embodiments of the present invention, at least one of five methods 

is used for controlling voltage levels while charging an energy storage and/or 
dissipating energy in an energy dissipating system during regenerative braking over 
different locomotive speed ranges. These are: 

1 . Switching traction motors between parallel and series configurations to 
10 maintain sufficiently high voltage to increase the voltage on a DC bus to 

charge an energy storage system and/or dissipate energy in an energy 
dissipating system ; 

2. Boosting the output voltage of the motor circuit when the motors are acting as 
generators to maintain sufficiently high voltage on a DC bus to charge an 

1 5 energy storage system and/or dissipate energy in an energy dissipating system ; 

3 . Switching battery modules between series and parallel configurations to 
maintain an energy storage and/or energy dissipating system at a lower voltage 
level than the voltage on a DC bus; 

4. Boosting the input voltage from a DC bus to an energy storage system and/or 
20 energy dissipating system to provide a sufficiently high voltage to charge the 

energy storage system and/or dissipate energy in the energy dissipating system; 
and 
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5. Temporarily storing inductive energy in the traction motors until voltage levels 
are sufficiently high enough to charge an energy storage system and/or 
dissipate energy in an energy dissipating system. 
The latter method is the preferred embodiment. 

In the various embodiments described below, several traction motors are 
shown connected in parallel across a large battery pack. The battery pack may serve 
as a power source for an electric locomotive or as an energy storage system on a 
hybrid locomotive. The battery pack may be replaced by a capacitor bank or another 
type of energy storage system such as a flywheel system , or by a combination of 
energy storage systems. As can be appreciated, the traction motor circuits and 
energy storage system can be connected to a DC bus on which other apparatuses such 
as engines, auxiliary power supplies, energy dissipating systems and the like can also 
be connected electrically in parallel as shown for example in Figure 2. 

Switching Traction Motors Between Parallel and Series Configurations 
In a first embodiment of the present invention, each traction motor is shown 
having its own power control apparatus for Pulse Width Modulation ("PWM") control 
during motoring. Motors are normally deemed connected in series when the voltages 
across their armatures are additive. Motors are normally deemed connected in 
parallel when the currents developed by their armatures are additive. In this 
embodiment, the field windings for each motor are controlled independently of their 
armatures by yet another power control apparatus circuit. During regenerative 
braking, the traction motors are connected in parallel or in series or in combinations of 
parallel and series depending on locomotive speed range so as to cause the motors, 
now acting as generators, to have a higher voltage than the energy storage system. 
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When the output voltage(s) of the motors is higher than that of the energy storage 
system, the traction motors, acting as generators will charge the energy storage system 
via a DC bus. Control of the charge level, charging voltage and charging current of 
the energy storage system is effected by varying the field current to the traction motors 
as controlled by the field power control circuit and/or by switching motors or groups 
of motors from parallel to series configurations. . 

Boosting Voltage from the Traction Motor Circuit 
In a second embodiment, each traction motor is shown having its own power 
control apparatus for PWM control during motoring. The field windings for each 
motor are all controlled independently of their armatures by yet another power control 
apparatus circuit. During regenerative braking, the traction motors remain connected 
in parallel but a boost or step-up circuit is engaged so that the motor circuit has a 
higher output voltage, thereby increasing the voltage on the DC bus above that of the 
energy storage system, thereby causing the traction motor circuit to charge the energy 
storage system. Control of the charge level, charging voltage and charging current of 
the energy storage system is effected by varying the field current to the traction 
motors as controlled by the field power control circuit and/or by controlling the motor 
boost circuit. 

Switching Battery Modules Between Series and Parallel Configurations 

In a third embodiment, each traction motor is shown having its own power 
control apparatus for PWM control during motoring. The field windings for each 
motor are all controlled independently of their armatures by yet another power control 
apparatus circuit. During regenerative braking, the traction motors remain connected 
in parallel but some groups of batteries in the battery pack are switched from series to 
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parallel so that the motor circuit has a higher output voltage than the energy storage 
system, thereby causing the motor circuit to charge the energy storage system. 
Control of the charge level, charging voltage and charging current of the energy 
storage system is effected by varying the field current to the traction motors as 
5 controlled by the field power control apparatus circuit and/or by switching energy 

storage modules from series to parallel configurations. 

Boosting Voltage to the Energy Storage System 
In a fourth embodiment, each traction motor is shown having its own power 
control apparatus for PWM control during motoring. The field windings for each 
1 0 motor are all controlled independently of their armatures by yet another power control 

apparatus circuit. During regenerative braking, the traction motors remain connected 
in parallel but a boost or step-up circuit across the energy storage system is engaged so 
that the energy storage system sees a higher charging voltage than produced on the DC 
bus by the output of the traction motor circuit. Control of the charge level, charging 
1 5 voltage and charging current of the energy storage system is effected by varying the 

field current to the traction motors as controlled by the field power control circuit 
and/or by controlling the energy storage boost circuit. 

Inductively Storing Energy in the Traction Motors 
In a fifth and preferred embodiment, each traction motor is shown having its 
20 own power control apparatus for PWM control during motoring. In this embodiment, 

the field windings and armatures of each motor are connected electrically in series. 
During regenerative braking, a switch is opened, another is closed and a reverser is 
activated across the motor armature or field winding. In this mode, the power control 
apparatus for each traction motor causes energy to be alternately stored in the motor 
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windings and discharged back into the energy storage system. Control of the charge 
level, charging voltage and charging current of the energy storage system is effected 
by varying the field current to the traction motors. If the motors have individual 
power flow control apparatuses, the flow of regenerative energy returned to the 
energy storage system will be more evenly distributed by time sequencing the various 
motors, further optimizing the control of braking energy returned to the energy storage 
system. In a variant of this embodiment, switches are replaced by IGBTs. 

In another aspect of the present invention, the field windings described in the 
first three embodiments are shown as electrically isolated from the other field 
windings as well as from the motor armatures. 

In another aspect of the present invention, the field windings associated with 
each motor armature are shown in series with the armature windings but controlled 
independently by utilizing an electrically isolated auxiliary power supply to provide a 
controlling excitation current. 

In another embodiment related to the present invention, the rectifying circuit 
associated with the alternators on the locomotive engines can be replaced by an 
inverter circuit that can be controlled to allow power flow back to the engines when 
desired in certain circumstances. In motoring mode, when at least one other electrical 
power source is in operation supplying power to the DC bus, this would allow power 
from the DC bus to be used to start or restart an engine that is turned off. In braking 
mode, the inverter circuit can be controlled to allow power to flow back to the 
alternator so that the alternator will turn the crankshaft of the engine and dissipate 
energy. Thus, during braking, the engines can be used as additional means of energy 
dissipation for example when the energy storage system can no longer absorb 
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regenerative energy or when the dissipating resistive grid becomes overheated. 
Alternately, the engines can be used to dissipate excess braking energy in place of a 
dissipating resistive grid. As can be appreciated, the use of the engine or engines to 
dissipate braking energy can be used for dynamic braking in a conventional 
5 locomotive, replacing the dissipating resistive grid apparatus. 

The present invention is directed principally at providing means of properly 
charging a large energy storage battery pack in which the current in the field windings 
of the traction motors are independently controlled for implementing various 
regenerative braking strategies. This independently controlled motor field excitation 
10 has an additional advantage for motoring mode in that it eliminates the need for a field 

shunt resistance for increasing motor output power at high speeds. The benefit 
formerly provided by the shunt resistance can be gained by appropriately varying the 
field current to overcome the motor back emf at high locomotive speeds. 

The use of well-known control methods ensures that the battery pack is: 
1 5 maintained within a desired range of state-of-charge ("SOC") typically between about 

20% and 100% of full charge; charged at or below the maximum desired rate of 
charge for the batteries; charged by the optimized charging algorithms; and not 
overcharged beyond the maximum desired charge voltage and charge capacity of the 
batteries in the battery pack. 
20 An objective of the various embodiments of the present invention is to utilize 

the energy available from braking during train deceleration and/or descending grade, 
to charge the energy storage batteries while operating the battery pack so as to 
maximize its lifetime as commonly measured by its total useful ampere-hour 
throughput. Since the cost of energy delivered by a battery system is essentially the 
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capital cost of the battery system divided by its lifetime expressed in total ampere- 
hour throughput, optimizing battery lifetime by applying proper battery design and 
management practices is an important objective when utilizing energy recovered by a 
regenerative braking system. 

These and other advantages will be apparent from the disclosure of the 
invention(s) contained herein. 

The above-described embodiments and configurations are neither complete 
nor exhaustive. As will be appreciated, other embodiments of the invention are 
possible utilizing, alone or in combination, one or more of the features set forth above 
or described in detail below. 

The following definitions are used herein: 

A locomotive is generally a self-propelled railroad prime mover which is 
powered either by a steam engine, diesel engine or externally such as from an 
overhead electrical catenary or an electrical third rail. 

A diesel-electric locomotive is commonly a diesel powered railroad prime 
mover which includes an engine, generator, and traction motors on each propulsion 
axle. 

A diesel-hydraulic locomotive is commonly a diesel powered railroad prime 
mover which includes an engine, a transmission and a drive system connecting one or 
more propelling axles. Less commonly, a diesel-hydraulic locomotive includes an 
engine, an electric motor and pumps which operate hydraulic motors on one or more 
propelling axles. 

A cabless locomotive is a locomotive not having a functional operator's 
enclosure or cab. In a functional operator's cab, the locomotive may be operated with 
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protection from outside weather, noise and fumes. In a functional operator's cab, the 
operator has available at least throttle controls, braking controls and locomotive status 
displays. A cabless locomotive may not have an operator's cab or it may have the cab 
windows blacked out and the door locked to render the cab unuseable. 
A motor refers to a device that produces or imparts motion. 
A traction motor is a motor used primarily for propulsion such as commonly 
used in a locomotive. Examples are an AC or DC induction motor, a permanent 
magnet motor and a switched reluctance motor. 

An engine refers to any device that uses energy to develop mechanical power, 
such as motion in some other machine. Examples are diesel engines, gas turbine 
engines, microturbines, Stirling engines and spark ignition engines 

A prime power source refers to any device that uses energy to develop 
mechanical or electrical power, such as motion in some other machine. Examples are 
diesel engines, gas turbine engines, microturbines, Stirling engines, spark ignition 
engines and fuel cells. 

An energy storage system refers to any apparatus that acquires, stores and 
distributes mechanical or electrical energy which is produced from another energy 
source such as a prime energy source, a regenerative braking system, a third rail and a 
catenary and any external source of electrical energy. Examples are a battery pack, a 
bank of capacitors, a compressed air storage system and a bank of flywheels or a 
combination of storage systems. 

Dynamic braking is implemented when the electric propulsion motors are 
switched to generator mode during braking to augment the braking force. The 
electrical energy generated is typically dissipated in a resistance grid system. 
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Regenerative braking is the same as dynamic braking except the electrical 
energy generated is recaptured and stored in an energy storage system for future use. 

An electrical energy converter refers to an apparatus that converts mechanical 
energy to electrical energy. Examples include an alternator, an alternator-rectifier and 
5 a generator. The alternators may be synchronous or non-synchronous. 

A power control apparatus refers to an electrical apparatus that regulates, 
modulates or modifies AC or DC electrical power. Examples are an inverter, a 
chopper circuit, a boost circuit, a buck circuit or a buck/boost circuit. 

Power density as used herein is power per unit volume (watts per cubic meter). 
10 Specific power as used herein is power per unit mass (watts per kilogram). 

A hybrid vehicle combines an energy storage system, a prime power unit, and 
a vehicle propulsion system. A parallel hybrid vehicle is configured so that 
propulsive power can be provided by the prime power source only, the energy storage 
source only, or both. In a series hybrid vehicle, propulsive power is provided by the 
1 5 energy storage unit only and the prime power source is used to supply energy to the 

energy storage unit. 

When the energy storage capacity is small and the prime power source is large, 
the hybrid may be referred to as a power-assist hybrid. For example, an electric drive 
may be used primarily for starting and power assist while an internal combustion 
20 engine used primarily for propulsion. These vehicles are typically parallel hybrids. 

In a dual-mode hybrid, the energy storage and prime power are approximately 
balanced. For example, a dual-mode hybrid can operate on electric drive only, on 
engine power only, or on a combination of both. These vehicles are typically parallel 
hybrids. 
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A range-extended hybrid has a large energy storage capacity and a small prime 
power source. An example would be an electric drive vehicle with a small engine 
used for charging an electrical energy storage unit. These vehicles are typically series 
hybrids. 

5 A battery-dominant hybrid locomotive is a dual-mode hybrid locomotive 

where the energy storage apparatus is a battery pack and the battery pack is capable of 
supplying approximately as much or more instantaneous power than the prime power 
source when both are engaged with the propulsion system. 

As used herein, "at least one", "one or more", and "and/or" are open-ended 

10 expressions that are both conjunctive and disjunctive in operation. For example, each 

of the expressions "at least one of A, B and C", "at least one of A, B, or C", "one or 
more of A, B, and C", "one or more of A, B, or C" and "A, B, and/or C" means A 
alone, B alone, C alone, A and B together, A and C together, B and C together, or A, 
B and C together. 

15 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a schematic side view of the principal components of a hybrid 
locomotive configuration with a regenerative braking capability. 

Figure 2 is a schematic diagram of a general electrical architecture for a typical 
20 hybrid locomotive with regenerative braking. 

Figure 3 is a circuit diagram of an inverter for forward or reverse power flow. 
This is prior art. 

Figure 4 is schematic circuit diagram showing 4 traction motors in motoring 

mode. 
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Figure 5 is a graph of voltage across a DC traction motor as a function of 
locomotive speed. 

Figures 6a and b are schematic circuit diagrams showing current flow in 
motoring and braking mode. 

Figure 7 is schematic circuit diagram showing 4 traction motors in low speed 
braking mode. 

Figure 8 is schematic circuit diagram showing 4 traction motors in moderate 
speed braking mode. 

Figure 9 is schematic circuit diagram showing 4 traction motors in high speed 
braking mode. 

Figure 10 is schematic circuit diagram showing 4 traction motors with a boost 
circuit for braking mode. 

Figures 1 la, b and c are schematic circuit diagrams showing 4 traction motors 
with a switching battery pack. 

Figures 12a and b are schematic circuits diagram showing a boost circuit for 
maintaining voltage on an auxiliary motor. 

Figure 13 illustrates the principal circuit elements of an alternate regenerative 
braking system using traction motor energy storage. 

Figure 14 illustrates the four modes of operation of the circuit shown in Figure 

13. 

Figure 15 illustrates 4 traction motors utilizing the circuit shown in Figure 13 
where the 4 circuits are connected in parallel. 
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Figure 16 illustrates a preferred embodiment of the principal power circuit 
elements of a hybrid locomotive using a regenerative braking circuit in motoring 
mode. 

Figure 17 illustrates a preferred embodiment of the principal power circuit 
elements of a hybrid locomotive using a regenerative braking circuit in braking mode. 
Figure 18 illustrates 4 traction motors utilizing an alternate circuit for the field 

coils. 

Figure 19 illustrates an alternate embodiment of the principal power circuit 
elements of a hybrid locomotive using a regenerative braking circuit in motoring 
mode. 

Figure 20 illustrates the four modes of operation of the an alternate 
configuration of circuit shown in Figure 13. 

Figure 21 is a flow chart illustrating a general control strategy for regenerative 

braking. 

Figure 22 is a flow chart illustrating control procedures for traction motors. 
Figure 23 is a flow chart illustrating control procedures for an energy storage 

system. 

Figure 24 is a flow chart illustrating control procedures for an energy 
dissipating system. 

DETAILED DESCRIPTION 

The basis of the present invention is the use of a DC bus which allows power 
to flow from one or more power sources to the traction and other motors when the 
voltage level of any of the power sources is higher than the operating voltage of the 
traction and other motors. The power sources in a hybrid locomotive may be one or 
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more engines and one or more energy storage systems. The traction and other motors 
may be AC or DC motors or both. When braking, the traction motors can be operated 
as generators and will supply power to the DC bus if the output voltage of the traction 
motors operated as generators is higher than the voltage across all the power sources. 
5 Typically, engines will not accept power because of blocking diodes in their 

alternator/rectifier apparatuses. The regenerative braking power however, can flow to 
a resistive grid to be dissipated (this is the main sink for braking energy in dynamic 
braking). In a hybrid locomotive, regenerative braking power can also flow into the 
energy storage system as long as the voltage across the energy storage system is less 
10 than the voltage on the DC bus which is established by the output voltage of the 

traction motors operating as generators. If the traction motors are AC traction motors, 
the inverter or inverters act as rectifiers when the traction motors are operated as 
generators. The various embodiments of the present invention will be described 
primarily with reference to DC traction motors. However it will be obvious that each 
15 of the embodiments can also be applied to locomotives with AC traction motors in the 

same way as applied to locomotives with DC traction motors. 

Figure 1 is a schematic side view of a hybrid locomotive configuration 100 
with a control cab 101 . Prime power is provided by an engine 104 which is used to 
supply power to a DC bus 107 through an electrical energy converter 105. 
20 Mechanical energy generated by the engine 104 is supplied to the electrical energy 

converter 105 typically via a connection 108. For a diesel engine and alternator 
combination the connection 108 is mechanical. For a fuel cell and power conditioning 
unit the connection is electrical. Electrical energy is stored in an energy storage 
system 106 which is also connected to the DC bus 107. The wheels 103 of the 
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locomotive 100 are driven by traction motors 102 which are powered by the electrical 
output of the energy storage unit 106 or the electrical energy converter 105 of engine 
104 or both, by means of a DC bus 107 which is connected to the traction motors 102 
through one or more chopper circuits or inverter circuits (not shown). Fuel for the 
engine(s) 104 is obtained from a large fuel tank 111. This embodiment includes a 
dynamic and regenerative braking system. During braking, the traction motors 102 of 
the locomotive 100 can be switched to function as electrical generators to convert 
kinetic energy of braking to electric energy which is then transferred via the DC bus 
107 for storage in the energy storage unit 106. Any excess energy that cannot be 
stored is transferred via the DC bus 107 to be dissipated by resistance grids 109. In 
this embodiment, energy may be delivered to the energy storage unit 106 either by the 
engine 104 or by the regenerative braking system. Power may be delivered to the 
traction motors 102 from the energy storage unit 106 or the engine 104 or both. The 
power rating of the engine 104 is preferably in the range of about 100 to about 2,000 
kW. The storage capacity of the energy storage unit 106 is preferably in the range of 
about 500 to about 2,000 kW-hrs. The capacity of the fuel tank 1 1 1 is preferably in 
the range of about 500 to about 6,000 gallons. 

Figure 2 is a schematic diagram of a general electrical architecture and typical 
components for a typical hybrid locomotive with regenerative braking. In this figure, 
the power sources are two engines 205 with their individual alternators 206 and 
rectifier systems 207. The engines 205 are mechanically coupled to their alternators 
which are supply an AC input to their rectifier systems 207. An energy storage system 
208 is shown connected to the DC bus through a power conditioning circuit 209. The 
power conditioning circuit may be a buck/boost circuit or it may be a simple switch. 
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During motoring, power can be provided to a DC bus (represented by a positive 203 
bus bar 201 and a negative 204 bus bar 202) by any combination of engines and 
storage system as will be discussed in subsequent figures. In motoring mode, the DC 
bus can provide power to one of more traction motors shown for example by a circuit 
210 illustrating four parallel traction motors. The DC bus can also provide power to 
auxiliary power circuits 210. In braking mode, power can be returned to the DC bus 
when the traction motors 210 are operated as generators. In this latter case, energy 
can be stored in the energy storage system 208; or dissipated a resistive grid 212; or 
dissipated in the engines 205 (as discussed below); or a combination of all of these 
methods. As can be seen, all the power sources, motors, power supplies and power 
consumers are connected electrically in parallel to a common DC bus. For simplicity, 
switches and power regulating devices are not shown but will be discussed in 
subsequent specific examples. As will be discussed below, there are five basic 
methods by which this locomotive system can operate in braking mode to provide 
controlled power for charging an energy storage system. As can be appreciated, there 
can be one or more engines, the energy storage system can be a battery pack, a 
capacitor bank, a flywheel system or a combination of these, hi general, the rectifier 
systems 207 include blocking diodes to prevent power from flowing back to the 
engines. However, if the rectifier systems 207 are replaced by inverters such as 
illustrated below in Figure 3, then, when desired, power can be allowed to flow back 
to the engines for (1) starting engines that are turned off or (2) using the engines to 
dissipate braking energy in certain circumstances. 

Figure 3 is a circuit diagram of an induction alternator/rectifier for forward or 
reverse power flow. The circuit described in Figure 3 is prior art and is a 
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generalization of the rectifying circuit described for example in Figure 2. In 
generating mode, a stator 302 generates an alternating current which is rectified by six 
power diodes 304 which are the internal diodes of IGBTs 303. In generating mode, 
the six IGBTs 303 are turned off and their internal diodes 304 form a rectifying 
5 circuit. Power flows from the stator 301 to the output terminals 311 and 312. The 

output terminals are for example the positive and negative bus bars of a DC bus such 
as described previously. In motoring mode, DC power from the terminals 311 and 
312 flows to the stator 301 which in turn provides shaft power to the rotor (not 
shown). In motoring mode, the six IGBTs 303 provide pulse width modulation and 

10 form an inverter circuit, providing AC power to the stator. The amount of excitation 

for an induction generator is controlled by the frequency of the inverter. When the 
frequency of the inverter is higher than the motor/generator synchronous speed 
frequency, the motor/generator will produce a positive torque (motoring). When the 
inverter frequency is lower than the synchronous speed-frequency, the 

15 motor/generator will produce a negative torque (generating). Typically, a difference 

of 3% to 5% between the power frequency being fed the motor/generator and the 
machine's synchronous speed-frequency will produce full loading for both motoring 
and generating modes. The use of an induction alternator in motoring mode, when at 
least one electrical power source (for example, a diesel and its alternator, a turbine and 

20 its high-speed alternator, or an energy storage apparatus and its buck/boost circuit) is 

in operation supplying power to the DC bus, would allow power from the DC bus to 
be used to start or restart an engine that is turned off. This method of starting engines 
is known and is used to provide high starting power without the need of a separate 
starter motor. A pre-lubrication pump can also be operated directly from the DC bus 
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or from an auxiliary power supply to lubricate a diesel engine just prior to starting it 
so as to extend its operational lifetime. While the above diesel engine start-up 
procedures are well-known, they can be applied more readily utilizing the voltage 
control and DC bus architecture of the present invention. In braking mode, the 
inverter circuit can be controlled to allow power to flow back to the alternator in 
asynchronous mode so that the alternator will turn the crankshaft of the engine and 
dissipate energy. Thus, during braking, the engines can be used as additional means 
of energy dissipation for example when the energy storage system can no longer 
absorb regenerative energy and/or when the dissipating resistive grid becomes 
overheated. Alternately, the engines can be used to dissipate excess braking energy in 
place of a dissipating resistive grid. As can be appreciated, the use of the engine or 
engines to dissipate braking energy can be used for dynamic braking in a conventional 
locomotive, replacing the dissipating resistive grid apparatus. 

Figure 4 is schematic circuit diagram showing an embodiment of the present 
invention with four DC traction motors 402 operating in motoring mode. As can be 
appreciated, the invention could also be illustrated by four AC motors with power 
control by inverters in place of choppers. The number of traction motors can be 
typically from two to about eight in a large locomotive. A battery pack 401 provides 
power as indicated by current flow 406 to all four motor circuits 402 with the current 
level controlled in part by individual IGBTs 403 for each motor 402. The IGBTs 403 
and free-wheeling diodes 404 comprise a well known chopper circuit with the free 
wheeling current path shown by 407. Switches 405 are open during motoring. A 
separate chopper circuit comprised of IGBT 413 and free wheeling diode 414 is 
shown controlling the current to field windings 412. Four field coils 412 are shown 
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corresponding to the field coils for each motor 402. The current path to the field coil 
circuit is shown by 416 and the free wheeling current path for the field coils is shown 
by 417. In motoring mode, current flows out of the positive terminal of the battery 
pack 401 and returns to the negative terminal of the battery pack 401 as shown by 
current path 421 . It is noted that, while the current flow convention of positive 
current flowing from the positive battery terminal to negative terminal is used, the 
flow of electrons is from the negative terminal of the battery to the positive terminal. 
An important feature of the present invention is the use of a separate chopper circuit 
to simultaneously control the current to the field windings of all the DC traction 
motors. The power output of each traction motor 402 can still be controlled 
independently by its own armature chopper circuit. The circuit shown in Figure 4 
shows only a battery pack 401 driving the motors 402 and field coils 412. As can be 
appreciated, a prime mover such as for example a diesel engine and alternator/rectifier 
can also be connected in parallel with the battery pack to provide additional DC power 
to the circuit. 

Figure 5 is an idealized graph of voltage 501 measured across a DC traction 
motor as a function of locomotive speed 502. The curve 503, 504 and 505 shows the 
voltage across the DC traction motor as measured across the output of the power 
supply system which may be comprised of a prime power source, an energy storage 
unit or both. The curve 506 and 507 shows the voltage associated with a energy 
storage battery pack as measured across its terminals. As an example, consider a 
locomotive that accelerates from rest to a high speed 508 and then brakes from the 
high speed 508 to a lower speed. As the locomotive accelerates from rest to a low 
speed, the motor volts typically increase monotonically with increasing locomotive 
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speed as shown by the portion 503 of the motor voltage curve. This is because the 
RPMs of the armature shaft increase with locomotive speed which in turn increases 
the back emf on the motor armature by the motor field windings. The voltage across 
the motor is, to a first order, the sum of the back emf and the resistive voltage drop 
5 across the coils. In the present invention, the field current for the motor is controlled 

by an independent chopper circuit and, using computer control, the field current are 
generated so as to cause the motor volts to approximate a series wound DC traction 
motor. This is preferable at low speeds in order to maximize low speed tractive effort. 
At higher locomotive speeds, the motor voltage increases and approaches the level of 
10 the battery output volts. As this occurs, the field current is reduced so as to maintain 

the battery driving voltage at a higher value than the motor volts as shown by portion 
504 of the motor voltage curve and the portion 506 of the battery voltage curve. This 
allows the motor current to be maintained in the motoring direction and therefore the 
motor continues to provide a positive torque. Thus the locomotive can be operated at 
1 5 a high velocity 508 or continue to accelerate to a higher velocity. When braking is 

implemented and it is desirable to activate regenerative braking, the field current is 
increased so as to raise the motor voltage to a higher value than the battery voltage as 
shown by portion 505 of the motor voltage curve and the portion 507 of the battery 
voltage curve. Over this portion 505 of the motor voltage curve, the motor acts as a 
20 generator and the direction of the motor current reverses and acts to charge the battery 

pack along path 507 of the battery voltage curve. The field current is used to control 
the level of the motor voltage so as to maintain battery charging as dictated by 
appropriate battery charging algorithms. A example of such an battery charging 
algorithm is given in Reference 1 entitled "Examination of VRLA Battery Cells 

-24- 



WO 2006/020587 PCT/US2005/028178 
Sampled From The Metlakatla Battery Energy Storage System" which is incorporated 
herein by reference. As locomotive speed decreases during braking, the locomotive 
speed can reach a value where the control of motor voltage to continue charging the 
battery pack is no longer possible using the field current control method by itself. It is 
5 the objective of the present invention to disclose several different methods by which 

the motor and/or power circuits can be reconfigured by appropriate switching so that 
the field current control method can be continued to be used to maintain the level of 
the motor voltage so as to continue charging the battery down to very low locomotive 
speeds. As can be appreciated, if the battery becomes charged to a predetermined 
10 maximum desirable state of charge ("SOC"), then the charging process can be 

terminated either by diverting the motor currents to well-known resistance grids 
(thereby continuing dynamic braking) or by using the field current control to reduce 
motor voltage below the voltage of the battery pack or by disengaging the power 
driving circuit from the traction motors. It is the objective of the present invention to 
1 5 disclose several methods for achieving regenerative braking at all locomotive speeds 

while maintaining independent control of each traction motor and optimal 
management of the battery pack recharging process. As can be appreciated, the 
principle is to maintain driving voltage of the power sources higher than motor volts 
during motoring and to maintain motor voltage (when the motor is acting as a 
20 generator) higher than energy storage voltage during braking. The DC motors can be 

AC motors. A single motor in the above figure can be several motors connected 
electrically in series or in parallel or in a combination of series and parallel. 

Figure 6, which is prior art, is a schematic circuit diagram showing current 
flow in motoring as in Figure 6a and braking mode as in Figure 6b. Figure 6a 
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illustrates a battery pack 601 driving a DC traction motor 602 and its separately 
excited field winding 611. The current 605 through the motor armature circuit is 
controlled by a chopper circuit comprised of an IGBT 603 and a free wheeling 
diode 604. The current 615 through the motor field winding circuit is controlled by a 
5 separate chopper circuit comprised of an IGBT 612 and a free wheeling diode 6 1 3 . In 

motoring mode, the current flows out of the positive terminal of battery pack 601 and 
into the negative terminal of the battery pack 601, discharging the battery pack 601 
while providing power to the motor 602. Figure 6b illustrates the same battery pack 
601 being charged by a DC traction motor 602 in braking mode and acting as a 
10 generator. The current 622 through the motor armature is reversed during braking as 

compared to its direction shown in Figure 6a and bypasses the IGBT 603 by passing 
through its internal diode 621 . The current level in motor 602 is now controlled by 
varying the current in the field winding 611. The current 623 through the motor field 
winding circuit is in the same direction as shown in Figure 6a and continues to be 
15 controlled by its separate chopper circuit. In braking mode, the current flows into the 

positive terminal of battery pack 601 and out of the negative terminal of the battery 
pack 601, charging the battery pack 601 by absorbing energy from the motor 602 now 
acting as a generator. This figure illustrates how current flows through a motor 
armature in motoring (Fig. 6a) and braking (Fig. 6b) utilizing a motor armature 
20 chopper circuit and a separate field chopper circuit wherein the direction of the field 

current is always the same. 

In a first embodiment, a motor switching method is illustrated for three 
locomotive velocity regimes utilizing a locomotive driving system of four DC traction 
motors. In the motor switching embodiment of regenerative braking, the traction 
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motors may be switched at appropriate times between parallel and series 
configurations to maintain sufficiently high voltage to charge the energy storage 
system. As will be appreciated, the number of motors and velocity regimes can vary 
but the circuit example represented in the following three figures is representative for 
5 a large locomotive (typically about 2,000 to about 6,000 HP depending on the 

combined power capability of the diesel generator and battery pack). Figure 7 is 
schematic circuit diagram showing four traction motors all operating in generator 
mode appropriate for braking during a low locomotive speed regime. All four motors 
are connected in series to provide a generating voltage sufficiently high enough to 
10 cause a charging current to be delivered to a large battery pack 70 1 . When making a 

transition from motoring to braking, four motor armatures 71 1, 712, 713 and 714 are 
connected in series by leaving switch 751 closed; opening switches 752, 753 and 754; 
and closing switches 761, 762 and 763. In addition, IGBTs 721, 722, 723 and 724 are 
turned off The field windings of all the motors are connected in series and controlled 
15 by an excitation chopper circuit comprised of IGBT 725 and free wheeling diode 726. 

The current 732 through the field coils 715 remains in the same direction whether 
motoring or braking and is controlled by the chopper circuit comprised of IGBT 725 
and free wheeling diode 726. The free wheeling current path 733 for the field chopper 
circuit remains the same for motoring and braking. The control of current level 
20 through the motor armatures during braking is accomplished by varying the current in 

the field windings. Current flows out of the negative terminal of the battery pack 701 
and through the internal diode of IGBT 724, through motor armature 714, motor 
armature 713, motor armature 712, motor armature 71 1 and back to the positive 
terminal of the battery pack 701 as shown by current path 730. As an example, the 
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voltage across the battery pack 701 may be about 700 volts. At low locomotive 
speeds below for example about 10 mph, each motor may be generating about 275 
volts so that the generating voltage capacity across four motor armatures would be 
substantially higher than the battery voltage and the motors acting as generators in 
5 series would cause the battery pack 701 to be charged. In order to properly charge the 

battery, it is necessary to maintain the charging current of the battery below a first 
predetermined level, to maintain the battery pack voltage below a second 
predetermined level, to employ an appropriate charging algorithm and to maintain the 
SOC of the battery pack below a third predetermined level. These and other 
10 conditions can be met by varying the field circuit current 732 so that the battery is 

charged in a manner consistent with good charging practice, especially practices that 
tend to maximize battery pack lifetime. The system would continue to provide 
regenerative energy to the battery pack 701 until the locomotive speed drops to less 
than about 3 to about 6 mph and the generating voltage drops below the voltage of the 
1 5 battery pack 70 1 . When the motor generating voltage drops below the battery voltage, 

the internal diode 734 of IGBT 724 prevents the current 731 from reversing. In the 
event that the third predetermined level for battery pack SOC is exceeded, the motors 
can be switched out of generating mode or the regenerative current 730 can be 
switched to a dissipating resistance grid (not shown). 
20 Figure 8 is schematic circuit diagram showing four traction motors all 

operating in generator mode appropriate for braking during a moderate locomotive 
speed regime. In this example, two of the four motors are connected in series with 
each other. The other two of the four motors are connected in series with each other 
and then the two pairs of series connected motors are connected in parallel with each 
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other. This arrangement can provide a generating voltage sufficiently high enough to 
cause a charging current to be delivered to a large battery pack 80 1 . When making a 
transition from motoring to braking, the two motor armatures 811 and 812 are 
connected in series by leaving switch 851 closed; closing switch 861; and opening 
5 switch 852. Simultaneously, the two motor armatures 813 and 8 14 are connected in 

series by leaving switch 853 closed; closing switch 863; and opening switch 854. In 
addition, IGBTs 821, 822, 823 and 824 are turned off. The field windings of all the 
motors are connected in series and controlled by an excitation chopper circuit 
comprised of IGBT 825 and free wheeling diode 826. The current 832 through the 
1 0 field coils remains in the same direction whether motoring or braking and is 

controlled by the chopper circuit comprised of IGBT 825 and free wheeling 
diode 826. The free wheeling current path 833 for the field chopper circuit remains 
the same for motoring and braking. The control of current level through the motor 
armatures during braking is by varying the current in the field windings. Current 
1 5 flows out of the negative terminal of the battery pack 80 1 and through the internal 

diode of IGBT 822, through motor armature 812, motor armature 81 1 and back to the 
positive terminal of the battery pack 801 as shown by current paths 831 and 830. 
Simultaneously, current flows out of the negative terminal of the battery pack 801 and 
through the internal diode of IGBT 824, through motor armature 814, motor armature 
20 813 and back to the positive terminal of the battery pack 80 1 as shown by current 

paths 836 and 835. As an example, the voltage across the battery pack 801 may be 
about 600 volts. At low locomotive speeds below for example about 20 to about 25 
mph, each motor may be capable of generating about 550 volts so that the generating 
voltage across each pair of two motor armatures could be about 1,100 volts and the 
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motors acting as generators in series would cause the battery pack 801 to be charged. 
In order to properly charge the battery, it is necessary to meet several battery charging 
conditions such as described in Figure 7 by varying the field circuit current 832 so that 
the battery is charged in a manner consistent with good charging practice, especially 
5 practices that tend to maximize battery pack lifetime. In the event that a 

predetermined level for battery pack SOC is exceeded, the motors can be switched out 
of generating mode or the regenerative current 830 can be switched to a dissipating 
resistance grid (not shown). Otherwise, the system would continue to provide 
regenerative energy to the battery pack 801 until the locomotive speed drops to less 
10 than about 12 mph and the generating voltage drops below the voltage of the battery 

pack 801. Once this condition is sensed, a controller would reconfigure the circuit to 
that depicted in Figure 7. 

Figure 9 is schematic circuit diagram showing four traction motors all 
operating in generator mode appropriate for braking during a high locomotive speed 
15 regime. In this example, all four motors are connected in parallel as is in the case of 

Figure 4 which depicts all four motors in motoring mode. This arrangement can 
provide a generating voltage sufficiently high enough to cause a charging current to be 
delivered to a large battery pack 901 . When making a transition from motoring to 
braking, the switches are not changed with switches 951, 952, 953 and 954 all 
20 remaining closed. Switches 961, 962 and 963 remain open. IGBTs 921, 922, 923 and 

924 are turned off. The field windings of all the motors are connected in series and 
controlled by an excitation chopper circuit comprised of IGBT 925 and free wheeling 
diode 926. The current 932 through the field coils remains in the same direction 
whether motoring or braking and is controlled by the chopper circuit comprised of 
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IGBT 925 and free wheeling diode 926. The free wheeling current path 933 for the 
field chopper circuit remains the same for motoring and braking. The control of 
current level through the motor armatures during braking is by varying the current in 
the field windings. Current flows out of the negative terminal of the battery pack 901 
5 and is divided approximately equally through the internal diodes of IGBTs 921, 922, 

923 and 924. Approximately equal levels of currents therefore also flow through 
motor armatures 911, 912, 913 and 914 and then are added in the return leg back to 
the positive terminal of the battery pack 901 as shown by current paths 930, 935, 936 
and 937. No current flows through any of the motor armature free wheeling diodes 
1 0 such as diode 934. As an example, the voltage across the battery pack 90 1 may be 

600 volts. At high locomotive speeds above for example about 40 mph, each motor 
maybe capable of generating about 700 volts so that the generating voltage across 
each of the motor armatures would be enough to cause the battery pack 901 to be 
charged. In order to properly charge the battery, it is necessary to meet several battery 
15 charging conditions such as described in Figure 7 by varying the field circuit current 

932 so that the battery is charged in a manner consistent with good charging practice, 
especially practices that tend to maximize battery pack lifetime. In the event that a 
predetermined level for battery pack SOC is exceeded, the motors can be switched out 
of generating mode or the regenerative current 930 can be switched to a dissipating 
20 resistance grid (not shown). Otherwise, the system would continue to provide 

regenerative energy to the battery pack 901 until the locomotive speed drops to below 
about 40 to about 45 mph and the generating voltage drops below the voltage of the 
battery pack 901. Once this condition is sensed, a controller would reconfigure the 
circuit to that depicted in Figure 8. 
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As will be appreciated, the above embodiment can include a separate engine 
and power conversion apparatus in parallel with the battery pack as shown for 
example in Figure 2. During motoring, the engine may provide additional power to 
the traction motors. During braking, the power conversion apparatus associated with 
5 the engine (typically an alternator/rectifier) commonly contains circuitry to prevent 

power flow back to the engine and the availability of a engine will not influence the 
operation of the above circuits as described. 

In a second embodiment, a boost circuit (also known as a step-up circuit) can 
be used to maintain a desired charging voltage across a battery pack as the source 
10 voltage decreases below a predetermined level. Examples of boost circuits may be 

found on pages 78 and 79 of "Linear/S witchmode Voltage Regulator Handbook" 
Motorola, Inc. 1982, which is incorporated herein by reference. Figure 10 is 
schematic circuit diagram showing four traction motors in a parallel configuration 
with a boost circuit used only in braking mode. The main circuit, comprised of a 
15 battery pack, DC traction motors, their individual chopper circuits and a separate field 

chopper circuit, is identical to that shown, for example, in Figure 4 (motoring mode) 
when switch 1006 is closed to bypass the boost circuit. Figure 10 also includes a 
boost circuit comprised of an energy storage inductor 1003, an energy storage 
capacitor 1005, a diode 1004 and a switch 1002. The switch 1002 maybe an IGBT 
20 for example that can be regulated to open and close so as to control the amount of 

voltage boost. When the locomotive goes from motoring to braking mode, the 
motors change to generating mode and switch 1006 is immediately opened and left 
open during braking mode. The voltage as measured between points 1010 developed 
by the motors now acting as generators will be higher than the battery voltage above 
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some locomotive speed. When this is the case, the voltage as measured between 
points 1010 will be controlled by varying the field circuit current 1020 so that the 
battery is charged in a manner consistent with good charging practice. Additionally, 
IGBT 1002 will be completely off (not conducting) so that the boost circuit will not 
provide any voltage boost. As locomotive speed is reduced, the voltage as measured 
between points 1010 will drop below that of the battery pack voltage as measured 
between points 1011. When this condition is sensed, a controller will operate IGBT 
1002 so as to control the amount of boost to the voltage as measured between points 
101 1 so that the battery pack will continue to be charged in a manner consistent with 
good charging practice. Thus when braking from most locomotive speeds, the motors 
now acting as generators will act to charge the battery pack 1001. As noted 
previously, IGBT 1002 may be regulated to open and close so as to maintain a 
predetermined current and/or charging voltage across battery pack 1001 as the speed 
of the locomotive, and hence the voltage as measured between points 1010, continues 
to decrease. In order to properly charge the battery, it is necessary to maintain the 
charging current of the battery below a first predetermined level, to maintain the 
battery pack voltage below a second predetermined level, to employ an appropriate 
charging algorithm and to maintain the SOC of the battery pack below a third 
predetermined level. These and other conditions can be met by varying the field 
circuit current 1020 and/or the amount of boost so that the battery is charged in a 
manner consistent with good charging practice, especially practices that tend to 
maximize battery pack lifetime. The system would continue to provide regenerative 
energy to the battery pack 1001 until the locomotive speed drops to less than about 3 
to about 6 mph and the voltage as measured between points 1011 drops below the 
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voltage of the battery pack 1 00 1 (when the fully boosted generating voltage cannot be 
maintained above the battery voltage). In the event that a predetermined level for 
battery pack SOC is exceeded, the motors can be switched out of generating mode or 
the regenerative current can be switched to a dissipating resistance grid (not shown). 
To return to motoring mode, switch 1006 is closed. As will be appreciated, the above 
embodiment can include a separate engine and power conversion apparatus in parallel 
with the battery pack as shown for example in Figure 2. During motoring the engine 
may provide additional power to the traction motors. During braking, the conversion 
apparatus associated with the engine typically contains circuitry to prevent power flow 
back to the engine and the availability of a engine will not influence the operation of 
the above circuit as described. 

In yet another embodiment, the battery pack volt-ampere characteristics can be 
reconfigured by switching battery pack modules to various series and parallel 
configurations to maintain the energy storage system at a lower voltage level than the 
DC bus. For example, a battery pack can be comprised of two modules which can be 
connected in series or in parallel. As another example, a battery pack can be 
comprised of four modules which can be connected all in series, all in parallel or two 
pairs of modules connected in series with the two pairs connected in parallel. The 
following example shown in Figure 1 1 illustrates the principle with a battery pack 
comprised of two modules. Figure 1 la shows a locomotive drive circuit in motoring 
mode where a battery pack is comprised of two modules 1 101 and 1 102 which are 
shown connected in series using switches 1 1 1 1 and 1 112. As can be appreciated, a 
rectified engine voltage can also be applied in parallel with that of the battery pack to 
augment voltage input to the motor circuit. The motor circuit shows four DC traction 
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motors connected in parallel with independently controlled field coils similar to the 
arrangement shown in Figures 4 and 9. In motoring mode, the voltage output of the 
battery pack is higher than the voltage across the motors and field coils and current 
1 142 flows from the positive terminal of the battery pack to drive the motors as shown 
5 by the example of current 1141 and to drive the field coils as shown by current 1151. 

The free wheeling path for the chopper circuit controlling the field coils is shown as 
1 152. Figure 1 lb shows a locomotive drive circuit in braking mode where the battery 
pack, comprised of two modules 1101 and 1 102, is shown with the modules 
remaining connected in series and switches 1111 and 1112 remaining in the positions 

10 used for motoring. If an engine is being used to augment the battery pack as described 

in Fig 1 la, it would typically be disconnected from the motor circuit during braking, 
hi high speed braking mode, the motors now acting as generators would have a 
voltage greater than the voltage across a battery pack and would act to charge the 
battery pack. This is indicated by the reversal of currents 1141 and 1 142. The current 

15 1151 through the field coils remains in the same direction whether motoring or 

braking and is controlled by a chopper circuit as described previously. The control of 
current level through the motor armatures during braking is by varying the current in 
the field windings, also as described previously. As the locomotive speed drops to 
lower levels, the voltage developed by the motors now acting as generators will drop 

20 below the voltage across a battery pack. When this condition is detected (for example 

by current measurement indicating that the battery current is approximately zero), 
switches 1111 and 1 1 12 are changed as shown in Fig. 1 lc to cause battery module 
1101 and 1 102 to be connected in parallel. Once the modules are in parallel, the 
voltage across the motors now functioning as generators is greater than the voltage 
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across a battery pack and the motors will continue to charge the battery pack as 
indicated by current direction 1141 which is shown charging module 1 101 by current 
1 143 and module 1 102 by current 1 144. As can be appreciated, increasing the 
number of battery pack modules will increase the ability to charge the battery pack 
5 during braking as the locomotive speed drops to lower values. For example, a battery 

pack comprised of four equal modules that can be switched to any combination of 
series and parallel configurations will have the same control over the battery charging 
process as the embodiment described in Figures 7, 8 and 9. In order to properly 
charge the battery, it is necessary to maintain the charging current of the battery 
1 0 below a first predetermined level, to maintain the battery pack voltage below a second 

predetermined level, to employ an appropriate charging algorithm and to maintain the 
SOC of the battery pack below a third predetermined level. These and other 
conditions can be met by varying the field circuit current 1 15 1 so that the battery is 
charged in a manner consistent with good charging practice, especially practices that 
1 5 tend to maximize battery pack lifetime. The system would continue to provide 

regenerative energy to the battery pack 1101 until the locomotive speed drops to less 
than about 3 to about 6 mph and the voltage output of the regeneration system drops 
below the voltage of the battery pack 1 1 0 1 . In the event that a predetermined level for 
battery pack SOC is exceeded, the motors can be switched out of generating mode or 
20 the regenerative current can be switched to a dissipating resistance grid (not shown). 

As will be appreciated, the above embodiment can include a separate engine and 
power and conversion apparatus in parallel with the battery pack as shown for 
example in Figure 2. During motoring the engine may provide additional power to the 
traction motors. During braking, the power conversion apparatus associated with the 
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engine typically contains circuitry to prevent power flow back to the generator and the 
availability of an engine will not influence the operation of the above circuit as 
described. As can be further appreciated, a combination of some battery module 
switching with a boost circuit such as described in Figure 1 1 can also be used to 
5 control regenerative charging of a battery pack during braking. 

In the third embodiment described above in Figure 1 1 , the battery pack may be 
used to drive auxiliary motors that provide auxiliary power for the locomotive and/or 
other cars in the train. It may be possible to utilize auxiliary motors that can operate 
while tolerating wide variations in the volt-ampere characteristics of the battery pack 

10 such as caused for example by switching battery pack modules from series to parallel 

configurations as described above in Figure 11. If this tolerance is not available, then 
the battery pack output voltage driving the auxiliary power can be maintained by 
utilizing a boost circuit such as shown for example in Figure 12. The boost circuit 
shown in Figure 12 is the same configuration as that described in Figure 10. 

15 Figure 12a shows an auxiliary motor 1205 connected across a battery pack. 

The battery pack is shown as two modules connected in series. The traction motor 
circuit is shown in braking mode so that it is charging the battery pack by a voltage as 
measured between points 1202. IGBT 1226 is completely off (not conducting) so that 
the boost circuit will not provide any voltage boost so that the voltage driving the 

20 auxiliary motor 1205 is essentially that of the battery pack. The voltage as measured 

between points 1201 is about the same as the voltage measured between points 1202. 
The current in the auxiliary motor 1205 is shown by 1231. A switch 1222 is shown 
closed to engage the auxiliary motor with the battery pack. Diode 1221 allows the 
battery pack to continue to provide power to the auxiliary motor 1205 while in 
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motoring mode. Figure 12b shows an auxiliary motor 1205 connected across a battery 
pack where the battery pack is shown as two modules now connected in parallel. The 
traction motor circuit is shown in braking mode so that it is charging the battery pack 
by a voltage as measured between points 1202. When this battery configuration is 
5 sensed, a controller will operate IGBT 1226 to control the amount of boost to the 

voltage as measured between points 1201 so that the voltage across the auxiliary 
motor will remain within its specified range for proper operation. The current in the 
auxiliary motor 1205 is shown by 123 1 . A switch 1222 is shown closed to engage the 
auxiliary motor with the battery pack. 

10 The various embodiments of the present invention can be viewed as a 

straightforward method of controlling the flow of power between the prime mover, 
the energy storage system and the regenerative braking system. The control can be 
quite seamless by controlling the voltage output of the prime mover through 
controlling the excitation of the prime mover; utilizing independent chopper control of 

1 5 the DC traction motor field windings; utilizing independent chopper control of the 

currents in the motor armature windings; and unitizing chopper control of the boost 
circuit (if used ) activated during regenerative braking. 

As can be seen, the control of power flow from the prime mover; the flow of 
power to and from the energy storage apparatus; and the flow of power to the motors 

20 or from the motors acting as generators is controlled by varying the voltage output of 

the prime mover and/or varying the current in the motor field windings. This general 
mode of voltage control operation is applicable to all embodiments of the present 
invention including the preferred embodiment which is described below. 
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Figure 13 illustrates the principal circuit elements of a preferred configuration 
of an alternate regenerative braking system in which the inductance of DC traction 
motor is used to temporarily store energy during braking mode until motor voltage 
levels are sufficiently high enough to charge the energy storage system. In this 
5 embodiment, energy is stored for brief periods in the motor armature and field 

windings and then discharged to an energy storage system, such as for example a 
battery pack, as will be discussed in subsequent figures. In this circuit configuration, 
a field coil 1601 and an armature winding 1602 are shown connected in series. A 
switchable contact reverser 1603 allows the current to be switched in opposite 

10 directions through the armature 1602 while maintaining the same current flow 

direction in the field coil 1601. The field coil 1601 and armature winding 1602 are 
typically contained inside a DC traction motor. The current to the DC traction motor 
is controlled by a chopper circuit which is comprised of an IGBT 1604 and a free- 
wheeling diode 1605. Two switches 1606 and 1607 are shown along with a filter 

15 capacitor 1608. One of switches 1606 and 1607 is always open when the other is 

closed. As an alternate circuit configuration, it is possible to place the contact 
reverser 1603 across the field coil 1601 instead of across the armature 1602. 

Figure 14 illustrates the four modes of operation of the circuit shown in Figure 
13. In motoring mode (Fig 14a and Fig 14b), switch 1701 is closed and switch 1702 

20 is open. The polarity of the motor back emf across the reverser switch terminals is 

positive on IGBT side of the reverser switch terminals. When IGBT 1703 is on as 
shown in Fig 14a, current flows from the positive terminal of the circuit through the 
armature and field coils and returns to the negative terminal of the circuit as indicated 
by the current flow arrows. When IGBT 1703 is off as shown in Fig 14b, current 
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flows through the armature and field coils and continues to circulate through the free 
wheeling path current as indicated by the arrows. In generating mode (Fig 14c and 
Fig 14d), switch 1701 is now opened while switch 1702 is closed and the reverser 
switch across the armature is changed over as shown. The polarity of the back emf 
5 across the reverser switch terminals is now positive on field winding side of the 

reverser switch terminals. When IGBT 1703 is on as shown in Fig 14c, current flows 
through the armature and field coils and continues to circulate through an alternate 
free wheeling path as indicated by the current flow arrows. However, the current in 
the armature flows in the opposite direction compared to its direction during motoring 
10 mode. When IGBT 1703 is off as shown in Fig 14d, current flows from the negative 

terminal of the circuit through the armature and field coils and returns to the positive 
terminal of the circuit as indicated by the arrows. The current in the armature 
continues to flow in the opposite direction compared to its direction during motoring 
mode. In Fig 14a, power flows from the positive terminal of the circuit and is 
1 5 delivered to the armature of the traction motor to provide power to the driving axles. 

The average level of power to the armature is controlled by the on/off time ratio (also 
called the duty cycle) of IGBT 1703. In Fig 14b, the IGBT 1703 is off, current 
continues to flow through the armature but no power is delivered by the circuit power 
source to the motor. When braking, the traction motor becomes a generator. As 
20 shown in Fig 14c, IGBT 1703 is on, current flows through the armature and alternate 

free wheeling path but no power is delivered to the positive terminal of the circuit. 
Once the level of current increases to a predetermined level, IGBT 1703 is switched 
off and, as shown in Fig 14d, power can now flow from the armature to the positive 
terminal of the circuit. As can be seen, if the positive and negative terminals of the 
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circuit are connected to a storage battery, the storage battery will be charged when the 
voltage across the positive and negative terminals is greater than the voltage across the 
battery terminals. When dynamic braking is applied at any speed, IGBT 1703 in 
Figs 14c and 14d is controlled to ensure that sufficient current is developed in the 
5 motor windings before switching the stored energy in the windings to a battery, 

another energy storage unit or a dissipating resistance grid. Especially when dynamic 
braking is applied at high speeds, IGBT 1703 in Figs 14c and 14d is controlled to 
ensure that the current in the motor windings does not increase beyond a 
predetermined level. 

10 In motoring mode, the voltage from the locomotive power source drives a 

current through the traction motor when its chopper IGBT is on. At low motor rpms, 
the average motor current is high and the armature back emf is relatively low. At 
high motor rpms, the average motor current is reduced since the back emf increases 
with increasing rpms. However, the back emf remains lower than the driving voltage 

1 5 from the power source and power continues to flow to the motor. When the IGBT 

switches off, the motor current begins a relatively slow L/R decay through its free 
wheeling path (where L is total inductance in the free wheeling path and R is total 
resistance in the free wheeling path). 

The motor volts can be expressed as: 

20 V motor = V emf +iR m + L m di/dt 

where: 

V cmf is the back emf 

i is the motor current 

Rjjj is the total motor resistance 
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L m is the total motor inductance 

Typically, the inductive voltage component L m di/dt is transient in nature, 
arising when the motor circuit is switched back and forth between driven and free 
wheeling. 

5 In regenerative braking mode, the motor emf becomes the driving voltage and, 

when the chopper IGBT is on, drives a current through the traction motor and its free- 
wheeling path as shown in Fig 14c. 

The braking mode, the motor volts can be expressed as: 
V snjto = V €Blf -iR m -L ta di/dt 

10 The impedance of the free-wheeling circuit shown in Figure 14c is low and the 

current rises rapidly. When the current reaches a predetermined limit, the IGBT is 
switched off. Now, the current through the motor drops rapidly since the emf voltage 
is typically lower than the bus voltage opposing it. The motor voltage component due 
to the motor L m di/dt rises rapidly (di/dt is negative) until the motor voltage exceeds 

1 5 the bus voltage and current flows to the positive terminal of the bus transferring the 

inductive energy in the motor (Yz L m i 2 ) to the bus and hence either into an energy 
storage unit or a dissipating resistance grid. When braking at high motor rpms, the 
emf is relatively high. When the controlling IGBT is switched off, the L m di/dt voltage 
component required to cause current flow to the positive terminal of the bus is 

20 relatively modest. As motor rpms decrease, the emf is reduced, and, when the 

controlling IGBT is switched off, the L m di/dt voltage component required to cause 
current flow to the positive terminal of the bus is increased. The importance of the 
motor L m di/dt voltage component in the braking mode cycle is that it is more than a 
switching transient. In braking mode, it is key to boosting the motor voltage to a level 
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sufficient to cause current to flow to the positive terminal of the driving circuit. It 
allows energy from braking in this embodiment to be efficiently transferred to a DC 
bus and hence to an energy storage system or dissipating resistance grid. This circuit 
is effective at all locomotive speeds where the emf is lower than the bus voltage. 

Figure 15 illustrates 4 traction motor circuits, each the same as shown in 
Figure 13. All 4 traction motor circuits are connected in parallel to a positive terminal 
1801 and a negative terminal 1802. The traction motor circuits 1803, 1804, 1805 and 
1 806 are each comprised of a chopper circuit described in Figure 13. Each circuit 
operates in the modes for motoring (Fig. 15 a) and braking (Fig. 15b) as described in 
Figure 14. As applied to charging an energy storage device such as a battery pack or 
capacitor bank, the regenerative braking method described in the above circuits is 
preferably implemented by prescribing time-sequenced power pulses from individual 
chopper/DC traction motor circuits. 

A preferred method of controlling power from each individual motor circuit 
while in braking mode where the motors are now acting as generators consists of the 
following steps: 

a. determining the current level in each regeneration circuit while the circuit is in 
free-wheeling mode; 

b. ensuring that the current level does not exceed a first predetermined level; 

c. when the current reaches a second predetermined level no greater than the first 
predetermined level, switching the circuit from free-wheeling mode to provide 
power flow from the motor/generator circuit to an energy storage device 
and/or power dissipating circuit; 
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d. when the current reaches a third predetermined level which is substantially 
lower than the second predetermined level, switching the motor/generator 
circuit back to free-wheeling mode; 

e. determining the power capacity of the energy storage device and/or power 
dissipating circuit at each of a number of successive time intervals; 

f. determining the necessary effective power pulse width to achieve the desired 
power flow from each motor so as to control the power flow apportioned the 
energy storage device and power dissipating circuit; 

g. sequentially pulsing power from each motor to the energy storage device 
and/or power dissipating circuit for a duration necessary to achieve the above 
power flow to each at the above successive time intervals. 

Power pulses from each motor are increased by increasing pulse width while 
maintaining pulse frequency constant. Power delivered to the battery is therefore 
input at different times from different motors by starting the power pulses from each 
motor at an offset from the power pulses of neighboring motors, which are acting as 
generators. The offsets of power pulses from each motor are preferably the maximum 
possible. This spacing of the power pulses results in individual instantaneous current 
inputs to the energy storage device that are not additive. In the case of a battery pack, 
especially a lead-acid battery pack, this leveling out of recharge power pulses results 
in significantly better charging practice and allows more energy to be returned to the 
battery without exceeding a desired recharge voltage of the battery pack. This non- 
additive approach results in lower battery internal heating (I 2 R) which results in longer 
battery life and less frequent battery failure and maintenance. 
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Figure 16 illustrates a simplified electrical architecture of principal power train 
elements of a typical hybrid locomotive using the regenerative braking circuit of 
Figure 13 in motoring mode. The configuration of Figure 16 illustrates two engines 
and an energy storage unit but, as can be appreciated, the locomotive can be 
5 comprised of one of mor engines and one or more energy storage systems. The 

architecture is built around a DC bus comprised of a positive conductor 1901 at a 
positive voltage 1903 and a negative bus conductor 1902 at a negative voltage 1904. 
Two alternator/rectifier apparatuses 1905 and 1906, which may be power conversion 
apparatuses associated with diesel and/or gas turbine engines, for example, are shown 

10 attached to the DC bus along with a battery pack 1907. The battery pack is shown 

connected directly to the DC (in parallel with a capacitor for surge control). In this 
configuration, the DC bus voltage is principally controlled by the voltage output of the 
battery pack. The engines and battery pack may be used to provide power to a number 
of DC traction motors and auxiliary power supplies. Figure 16 shows an auxiliary 

15 power circuit 1908 and four DC traction motor circuits 1909 with dynamic and 

regenerative braking capability. In motoring mode, the traction motor switches 1911 
are always open and switches 1910 are always closed. In motoring mode, power 
flows from the generators and/or the battery to the traction motors and to the auxiliary 
power unit. It is also possible in motoring mode for the generator to provide power 

20 for charging the battery pack. A dissipating resistance grid 1912 that is part of a 

dynamic braking system is also shown. 

Figure 17 illustrates a simplified electrical architecture of principal power train 
elements of a hybrid locomotive using the regenerative braking circuit of Figure 13 in 
braking mode. The architecture is built around a DC bus comprised of a positive 
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conductor 2001 at a positive voltage 2003 and a negative bus conductor 2002 at a 
negative voltage 2004. Two alternator/rectifier apparatuses 2005 and 2006 are shown 
attached to the DC bus along with a battery pack 2007. The battery pack is shown 
connected directly to the DC and can allow power flow to the DC bus or receive 
5 charging power from the DC bus. Figure 17 shows an auxiliary power circuit 2008 

and four DC traction motor circuits 2009 with dynamic and regenerative braking 
capability. In braking mode, the traction motor switches 201 1 are always closed and 
switches 2010 are always open. In braking mode, the DC motors, now acting as 
generators, may provide power for charging the battery pack. As shown in this 

1 0 example, blocking diodes in the alternator/rectifiers prevent power flow back to the 

engines during braking. If the DC motors now acting as generators provide braking 
energy at too high a power level to be accommodated by the energy storage battery 
pack, excess braking energy maybe switched to a dissipating resistance grid 2012 so 
that dynamic braking may continue. 

15 An important feature of the architecture described in Figures 16 and 17 is the 

use of a DC electrical bus whose predetermined bus voltage level controls the amount 
of power flow from the various prime mover and/or energy storage power supplies to 
the motors and from the dynamic and/or regenerative braking circuits to the energy 
storage devices and/or power dissipating circuits. In addition, the power flow to or 

20 from the DC bus by the motor circuits may be controlled independently of the DC bus 

voltage by one or more power control units between the bus and the motors. In 
motoring mode, the output voltage level of the bus is controlled by the power source 
or power sources that generate the highest DC voltage. Each power supply has its 
own well-known means of regulating its output voltage so that each can be controlled 
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by well known means to provide an output voltage that allows it to be engaged or 
disengaged at will from the power flow to the DC bus. In the configuration shown in 
Figure 16 and 17, the energy storage system is connected directly to the DC bus. In 
this case, the bus voltage is controlled primarily by the output voltage across the 
5 battery pack. For a hybrid system with a large energy storage system, this is a 

preferred configuration. The power flow from the DC bus to the motors driving the 
wheels is regulated by independent control of the voltage supplied to the motors using 
for example inverters or choppers. This architecture therefore does not require 
synchronization of power supplies nor are the power supplies used to regulate the 

10 power required by the wheel driving motors. This architecture therefore permits the 

use of various numbers and types of power supplies (both prime power and energy 
storage apparatuses) to be used in conjunction with various types of motors and drive 
train configurations without special modification to the power supplies, the drive 
motors or the control circuitry. 

15 By using the same voltage control principal in braking mode, the flow of 

power from the motor/generator circuits to the energy storage devices and/or 
dissipating dynamic braking resistance grids can be controlled. For example, power 
will only flow from the motor/generator circuits to the DC bus when the 
motor/generator circuit voltages exceed the bus voltage which will tend to be stable at 

20 or near the battery pack voltage when a battery pack is used as the he energy storage 

device. When the amount of power from the motor/generator circuit is too large to be 
absorbed by the energy storage device (such as determined by the SOC level, current 
flow or voltage level of a battery pack), the switch to the dissipating resistance grid 
can be opened (for example when a predetermined DC bus voltage is exceeded or 
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when a predetermined battery pack SOC and/or current level is exceeded) and the 
excess power will be dissipated in the resistance grid. 

In US 6,812,656 "Sequenced Pulse Width Modulation Method and Apparatus 
for Controlling and Powering a Plurality of Direct Current Motors", the time 
5 sequencing of power pulses to individual traction motors during motoring is 

disclosed. This time sequencing minimizes the current draw on the energy storage 
system over a significant portion of the operating range since instantaneous current 
requirements from individual motors are not additive. This independence of 
individual current requirements can have the positive effect of reducing the internal 

10 resistive losses sustained in the energy storage unit and reducing the size of the 

filtering apparatus associated with the energy storage system.. In braking mode as 
shown for example in Figure 17, this same time sequencing principle can be applied 
in reverse to provide the same benefits. A pulse sequencer is provided to pulse 
electrical energy generated by one or more traction motors during braking to the 

15 energy storage system. Providing generated electrical energy discontinuously, rather 

than continuously, to the energy storage system can provide substantial benefits, 
including more optimal battery charging, longer battery life, and smaller filtering 
apparatuses. The pulse sequencer typically includes an intelligent or unintelligent 
control architecture to control the delivery of pulses from one traction motor or sets of 

20 traction motors to the DC bus. Pulse sequencing may be performed by pulsing 

generated electrical energy at timed intervals from a motor or a selected set of traction 
motors without regard to other parameters. Pulse sequencing may also be performed 
in response to measurement parameters, such as the state of charge of the energy 
storage system, the magnitude and/or length of the pulse, the DC bus voltage, a 
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voltage associated with the energy storage system, an output voltage of the traction 
motor(s) and the speed of the locomotive at a selected point in time. In a preferred 
mode of pulse sequencing, pulses are generated from different motors during discrete 
(nonoverlapping) time periods. In other words, during a selected first time period 

5 (which is a subset of a time interval) a first electrical pulse is generated from a first 

traction motor but not from a second (different) traction motor, and, during a selected 
second time period, a second electrical pulse is generated from a second traction 
motor and not from the first traction motor. Thus, during the selected first time period 
the first traction motor is in a generating mode while the second traction motor is in a 

1 0 free-wheeling energy accumulation mode and during the selected second time period 

the first traction motor is in a free-wheeling mode energy accumulation while the 
second traction motor is in a generating mode. 

Figure 18 illustrates and alternate version of 4 traction motor circuits with a 
separate circuit for the 4 field coils of the 4 traction motors. All 4 traction motor 

15 circuits are connected in parallel to a positive terminal 2101 and a negative terminal 

2102. The traction motor circuits 2103, 2104, 2105 and 2106 are each comprised of a 
chopper circuit described in Figure 17 but without the field coils. Each circuit 
operates in the modes for motoring and braking (generating). In either case the 
current direction through the separate field coil circuit 2107 is the same. This 

20 alternate embodiment of the circuit shown in Figure 18 has all the advantages as 

described for the circuit in Figure 17. One advantage of separately excited field coils 
is that the emf can be more readily controlled during both motoring and braking 
modes. 



-49- 



WO 2006/020587 PCT/US2005/028178 
An important variant of the circuit shown in Figure 1 8 is to eliminate the 
individual reversers on each armature in the traction motor circuits and add a single 
reverser switch across all the field coils in the separate field coil circuit. 

Figure 19 illustrates an alternate electrical architecture of principal power train 
5 elements of a hybrid locomotive using the regenerative braking circuit of Figure 1 3 in 

motoring mode. The battery pack 2007 is shown connected to the bus using a 
buck/boost circuit that will allow full control over power flow to the DC bus or 
charging power from the DC bus. While this configuration is more complex than that 
shown in Figure 16, it can be utilized if it is important to maintain the DC bus voltage 
10 at a predetermined level. 

Figure 20 illustrates the four modes of operation of an alternate configuration 
of circuits shown in Figure 14. In this configuration, the switches shown in Figure 14 
are replaced by IGBTs, otherwise the operation of the circuits is the same as described 
for the 4 modes described in Figure 14. Fig. 20a illustrates motoring mode with IGBT 
15 2301 always off and IGBT 2302 intermittently on. Current flows from the positive 

terminal of a DC bus (which carries power to an energy storage system such as a 
battery pack, or a dissipating resistance grid) through the armature coil and field coil 
of a motor, returning to the negative terminal of the DC bus as indicated by the 
current flow arrows. Fig. 20b illustrates motoring mode with IGBT 2301 always off 
20 and IGBT 2302 always off. Current continues to flow through the armature coil and 

field coil of the motor, free wheeling through the bypass diode of IGBT 2301 as 
indicated by the current flow arrows. Fig. 20c illustrates braking (generating) mode 
with IGBT 2301 always off and IGBT 2302 intermittently on. Current flows from the 
negative terminal of the DC bus through the armature coil and reversed field coil, 
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returning to the positive terminal of the DC bus as indicated by the current flow 
arrows. Fig. 20d illustrates braking mode with IGBT 2301 always on and IGBT 2302 
always off. Current continues to flow through the armature coil and reversed field 
coil, free wheeling through IGBT 2301 as indicated by the current flow arrows. As 
5 can be seen, if the positive and negative terminals of the circuit are connected to an 

energy storage battery via a DC bus, the battery pack will be charged when the voltage 
across the positive and negative terminals is greater than the voltage across the battery 
pack terminals. When dynamic braking is applied at any speed, IGBT 2301 in 
Figs 20c and 20d is controlled to ensure that sufficient current is developed in the 
10 motor windings before switching the stored energy in the windings to a battery pack, 

another energy storage unit or a dissipating resistance grid. Especially when dynamic 
braking is applied at high speeds, IGBT 2301 in Figs 20c and 20d is controlled to 
ensure that the current in the motor windings does not increase beyond a 
predetermined level. 

1 5 in various embodiments of the present invention, at least one of five methods 

is used for controlling voltage levels while charging an energy storage system during 
regenerative braking over different locomotive speed ranges. These are: 

1 . Switching traction motors between parallel and series configurations to 
maintain sufficiently high voltage to increase the voltage on a DC bus to 

20 charge an energy storage system and/or dissipate energy in an energy 

dissipating system ; 

2. Boosting the output voltage of the motor circuit when the motors are acting as 
generators to maintain sufficiently high voltage on a DC bus to charge an 
energy storage system and/or dissipate energy in an energy dissipating system ; 
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3. Switching battery modules between series and parallel configurations to 
maintain an energy storage and/or energy dissipating system at a lower voltage 
level than the voltage on a DC bus; 

4. Boosting the input voltage from a DC bus to an energy storage system and/or 
5 energy dissipating system to provide a sufficiently high voltage to charge the 

energy storage system and/or dissipate energy in the energy dissipating system; 
and 

5. Temporarily storing inductive energy in the traction motors until voltage levels 
are sufficiently high enough to charge an energy storage system and/or 

1 0 dissipate energy in an energy dissipating system. 

In all these methods, the voltage, current and power from the motors during 
braking is controlled so that the energy storage system and energy dissipation system 
is operated in a manner consistent with good management. In general, either the 
output voltage of the motor circuit can be increased to raise the voltage level of the 

1 5 DC bus; or the input to the energy storage or energy dissipating system can be 

increased over the voltage level of the DC bus so that energy from braking will flow 
from the motor circuit via the DC bus to the energy storage and/or energy dissipating 
system. 

A general control strategy for regenerative braking is illustrated in the flow 
20 chart of Figure 2 1 . The cycle of decisions can be executed continuously (for example 

every millisecond) or intermittently (for example every 1 second) or at intervals in 
between by a predetermined computer program or by a computer program that adapts, 
such as for example, a program based on neural network principles. The following is 
an example of an automated computer-controlled dynamic and regenerative braking 
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cycle. As can be appreciated, many of the steps can be carried out in different 
sequences and some of the steps may be optional. As shown in the example of 
Figure 21, an automated cycle begins 2400. The first step 2401 is to determine the 
locomotive speed. The second step 2402 is to determine the DC bus voltage. The 
5 third step 2403 is to determine the energy storage system parameters. In the case of a 

battery pack, these may include the open circuit voltage, output voltage and current as 
well as the state-of-charge ("SOC") of the battery pack. The fourth step 2404 is to 
determine the energy dissipating system parameters. In the case of a resistive grid, 
this may be the operating temperature of the grid network. The fifth step 2405 is to 
1 0 determine the individual traction motor parameters. These may include motor 

voltage, current, motor back emf and operating temperature. The next step 2406 is to 
determine from the information obtained in steps 2401 through 2405 whether the 
energy storage system can absorb additional energy from the braking system, typically 
by determining whether the SOC of the energy storage system is below a first 
1 5 predetermined level and/or whether the open circuit voltage of the energy storage 

system is above a second a predetermined level. If the energy storage system cannot 
absorb additional energy, then the next step 2407 is to determine from the information 
available whether the energy dissipating system can absorb the energy from the 
braking system, typically by determining whether the temperature of the grid network 
20 is below a third predetermined level. If the energy dissipating system cannot absorb 

additional energy, then the next step 2408 is to access the traction motor circuit 
control system subroutine to reduce the total power generated by the motors during 
braking. If the energy storage system can absorb additional energy, then the next step 
2409 is to access the traction motor circuit control system subroutine to optimize the 
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voltage generated by the motors during braking and then to the next step 2410, to 
access the energy storage system voltage control system subroutine to optimize the 
current and voltage to the energy storage system. Thereupon, the final step 2415 is to 
return to the beginning of the automated cycle 2400. If the energy storage system 
5 cannot absorb additional energy but the energy dissipating system can absorb 

additional energy, then the next step 241 1 is to access the traction motor circuit 
control system subroutine to optimize the voltage generated by the motors during 
braking and then to the next step 2412 to access the energy dissipating system voltage 
control system subroutine to optimize the current and voltage to the energy dissipating 

10 system. Thereupon, the final step 2415 is to return to the beginning of the automated 

cycle 2400. As can be appreciated, the control routine can contain logic to apportion 
braking energy between the energy storage and energy dissipating systems. 

Figure 22 is a flow chart illustrating a subroutine for control procedures for 
traction motors during braking. The subroutine starts 2500 and the first step 2501 is 

15 to determine if energy from braking can be stored or dissipated. If energy cannot be 

stored or dissipated, then step 2502 reduces the output voltage from the traction motor 
circuit by decreasing the excitation current to all of the traction motors so that less 
power is generated by the dynamic braking system. This may be done in 
predetermined increments until the power generated can be absorbed by the energy 

20 storage and/or energy dissipating systems. After this step, the subroutine returns 2507 

to the main flow chart of Figure 21. If energy can be stored or dissipated, then step 
2503 checks to ensure that the motor circuit voltage controls the voltage on the DC 
bus. If the motor circuit output voltage is not high enough, then the motor voltage is 
increased, depending on the specific methods available. Typically, the voltage may be 
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increased by increasing the excitation current to all of the traction motors. If this is 
not sufficient, then the output voltage may be increased by switching traction motors 
from parallel to series configuration, if this method is available. Alternately, the 
output voltage may be increased by boosting the output voltage of the motor circuit, if 
this method is available. Once output voltage is increased, step 2505 checks to ensure 
that the output voltage is not too high. If it is, then motor circuit output voltage is 
reduced typically by decreasing the excitation current to all of the traction motors. 
This may be done in predetermined increments until the voltage is within an 
acceptable predetermined operating range. After this step, the subroutine returns 2507 
to the main flow chart of Figure 21. 

Figure 23 is a flow chart illustrating a subroutine for control procedures for an 
energy storage system during braking. The subroutine starts 2600 and the first step 
2601 is to determine if energy from braking can be stored. If energy cannot be stored, 
then step 2602 disconnects the energy storage system from the DC bus. After this 
step, the subroutine returns 2607 to the main flow chart of Figure 21. If energy can 
be stored, then step 2603 checks to ensure that the DC bus voltage is high enough to 
charge the energy storage system. If the DC bus voltage is not high enough, then the 
voltage input to the energy storage system is increased so that power flows into the 
energy storage system, depending on the specific methods available. In one method, 
the voltage may be increased by switching energy storage modules from series to 
parallel, if this method is available. Alternately, the input voltage may be increased by 
increasing the input voltage across the energy storage system by a boost circuit, if this 
method is available. Once input voltage is increased, step 2605 checks to ensure that 
the input voltage is not too high. If it is, then energy storage system input voltage is 
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increased typically by increasing the amount of voltage increase by the boost circuit. 
After this step, the subroutine returns 2607 to the main flow chart of Figure 21 . 

Figure 24 is a flow chart illustrating a subroutine for control procedures for an 
energy dissipating system during braking. The subroutine starts 2700 and the first 
5 step 2701 is to determine if energy from braking can be dissipated. If energy cannot be 

dissipated, then step 2702 disconnects the energy dissipating system from the DC bus. 
After this step, the subroutine returns 2707 to the main flow chart of Figure 21 . If 
energy can be dissipated, then step 2703 checks to ensure that the DC bus voltage is 
high enough to deliver energy to the dissipating system. If the DC bus voltage is not 

10 high enough, then the voltage input to the energy dissipating system is increased so 

that power flows into the energy dissipating system. Typically, the input voltage may 
be increased by increasing the input voltage across the energy dissipating system by a 
boost circuit, if this method is available. Once input voltage is increased, step 2705 
checks to ensure that the input voltage is not too high. If it is, then energy dissipating 

1 5 system input voltage is reduced typically by decreasing the amount of voltage increase 

by the boost circuit. After this step, the subroutine returns 2707 to the main flow chart 
of Figure 21. 

The present invention, in various embodiments, includes components, 
methods, processes, systems and/or apparatus substantially as depicted and described 
20 herein, including various embodiments, subcombinations, and subsets thereof. Those 

of skill in the art will understand how to make and use the present invention after 
understanding the present disclosure. The present invention, in various embodiments, 
includes providing devices and processes in the absence of items not depicted and/or 
described herein or in various embodiments hereof, including in the absence of such 
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items as may have been used in previous devices or processes, e.g., for improving 
performance, achieving ease and\or reducing cost of implementation. 

The foregoing discussion of the invention has been presented for purposes of 
illustration and description. The foregoing is not intended to limit the invention to the 
5 form or forms disclosed herein. In the foregoing Detailed Description for example, 

various features of the invention are grouped together in one or more embodiments for 
the purpose of streamlining the disclosure. This method of disclosure is not to be 
interpreted as reflecting an intention that the claimed invention requires more features 
than are expressly recited in each claim. Rather, as the following claims reflect, 
10 inventive aspects lie in less than all features of a single foregoing disclosed 

embodiment. Thus, the following claims are hereby incorporated into this Detailed 
Description, with each claim standing on its own as a separate preferred embodiment 
of the invention. 

Moreover, though the description of the invention has included description of 
15 one or more embodiments and certain variations and modifications, other variations 

and modifications are within the scope of the invention, e.g., as may be within the 
skill and knowledge of those in the art, after understanding the present disclosure. It 
is intended to obtain rights which include alternative embodiments to the extent 
permitted, including alternate, interchangeable and/or equivalent structures, functions, 
20 ranges or steps to those claimed, whether or not such alternate, interchangeable and/or 

equivalent structures, functions, ranges or steps are disclosed herein, and without 
intending to publicly dedicate any patentable subject matter. 
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What is claimed is : 

1 . Ail off road vehicle, comprising: 

(a) at least one motor operable to displace the off road vehicle and generate 
electrical energy when the vehicle is decelerating; 
5 (b) an energy storage system operable to store electrical energy and provide 

electrical energy to the at least one motor; 

(c) a prime power source operable to provide electrical energy to at least one 
of the energy storage system and at least one motor; 

(d) a direct current (DC) bus interconnecting the at least one motor, energy 
1 0 storage system, and prime power source; and 

(e) a pulse sequencer operable to provide, to the energy storage system, pulsed 
electrical energy generated by a selected motor. 

2. The off road vehicle of claim 1, wherein the at least one motor is 
configured, in a braking mode, to alternately store electrical energy in and discharge 

1 5 energy from a winding of the at least one motor, wherein electrical energy generated 

by first and second motors is pulsed to provide first and second sets of pulses, 
respectively, and wherein the first and second sets of pulses are temporally offset from 
one another. 

3. The off road vehicle of claim 2, wherein the winding comprises a field 
20 coil and an armature coil, the field and armature coils being connected in series, and 

wherein the at least one motor comprises a switchable contact reverser operable to 
switch electrical energy in opposite directions of flow through the one of the armature 
and field coils while maintaining a same flow direction in the other of the armature 
and field coils. 
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4. The off road vehicle of claim 3, further comprising a power control 
apparatus, the power control apparatus controlling electrical energy in the at least one 
motor, wherein, in a motoring mode, electrical energy flows in a first direction 
through at least one of the armature and field coils, wherein, in a braking mode, 
electrical energy flows in a second opposite direction through the at least one of the 
armature and field coils, and wherein, in a first braking mode configuration, electrical 
energy flows through a free wheeling path and is substantially blocked from flowing 
to the energy storage system and, in a second braking mode configuration, electrical 
energy flows is permitted to flow to the energy storage system. 

5. The off road vehicle of claim 3, wherein, in the motoring mode, a 
voltage of the at least one motor is provided by the equation: 

V^-V^+i^ + I^di/dt 

where: 

V emf is a back emf across the reverser; 

i is the electrical energy flowing through the at least one motor; 

is the total internal resistance of the at least one motor; and 
L m is the total inductance of the at least one motor. 

6. The off road vehicle of claim 5, wherein, in the braking mode, a 
voltage of the at least one motor is provided by the equation: 

V^^V^-i^-Ltadi/dt 

7. An off road vehicle, comprising: 

(a) a plurality of motors to displace the off road vehicle and generate electrical 
energy when the vehicle is decelerating, each of the plurality of motors having an 
armature and a field coil; 
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(b) an energy storage system operable to store electrical energy and provide 
electrical energy to the at least one motor; 

(c) a prime power source operable to provide electrical energy to at least one 
of the energy storage system and at least one motor; 

5 (d) a direct current (DC) bus interconnecting the at least one motor, energy 

storage system, and prime power source; and 

(e) a plurality of power control apparatuses, wherein the field coils of the 
motors are connected in series, wherein the armature coils are connected in parallel to 
the field coils, and wherein a field coil power control apparatus varies a field current 
10 passing through series-connected field coils to control an armature current passing 

through the armature coils during vehicular deceleration. 

8. The off road vehicle of claim 7, wherein each of the armature coils are 
connected in series and each has a corresponding armature power control apparatus 
and the armature power control apparatuses are different from the field coil power 

15 control apparatus. 

9. The off road vehicle of claim 7, wherein at least one of the following is 

true: 

(i) in a motoring mode, the plurality of traction motors are connected in 
parallel relative to the DC bus and are at a lower voltage than the energy storage 
20 system and, in a braking mode, at least two of the traction motors are connected in 

series relative to the DC bus, whereby the motors have a higher voltage than a voltage 
of the energy storage system so that electrical energy provided by the series-connected 
motors is provided to the energy storage system; 
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(ii) in a motoring mode, the traction motors are at a lower voltage than 
the energy storage system, and, in a braking mode, a traction motor boost circuit steps 
up an output voltage of at least one of the traction motors, whereby the stepped up 
output voltage is higher than the voltage of the energy storage system so that electrical 

5 energy provided by the motors is provided to the energy storage system; 

(iii) the energy storage system comprises a plurality of battery modules, 
wherein, in a motoring mode, the plurality of battery modules are connected in series 
and are at a higher voltage than the at least one motor, and, in a braking mode, at least 
two of the plurality of battery modules are connected in parallel, whereby the voltage 

10 of the parallel-connected battery modules is lower than an output voltage of the at 

least one motor; and 

(iv) an energy storage system boost circuit, positioned between the DC 
bus and the energy storage system, wherein, in a braking mode, the energy storage 
system boost circuit steps up an input voltage to the energy storage system, whereby 

15 the stepped up input voltage is higher than the voltage of the DC bus and the voltage 

of the energy storage system so that electrical energy provided by the motors is 
provided to the energy storage system. 

10. The off road vehicle of claim 9, wherein (i) is true. 

1 1 . The off road vehicle of claim 1 0, wherein electrical energy flows 
20 through the field coils is in the same direction in both the motoring and braking 

modes, wherein at least one power control apparatus is interposed between the motors 
and the DC bus, and wherein the interposed power control apparatus maintains a 
charging current flow to the energy storage system below a first predetermined level, a 
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voltage of the energy storage system below a second predetermined ievei ? and a suae 
of charge of the energy storage system below a third predetermined level. 

12. The off road vehicle of claim 10, wherein a first pair of motors is 
connected in series, a second pair of motors is connected in series, and the first and 

5 second pairs of motors are connected in parallel. 

13. The off road vehicle of claim 9, wherein (ii) is true. 

14. The off road vehicle of claim 13, wherein the boost circuit comprises 
an energy storage inductor, an energy storage capacitor, a diode, and a switch, wherein 
the switch is connected in parallel with the energy storage inductor, and diode, and 

10 wherein the energy storage capacitor is connected in series with the energy storage 

inductor, diode, and switch. 

15. The off road vehicle of claim 14, wherein, in a motoring mode, the 
switch is closed to bypass the diode and energy storage inductor and, in a braking 
mode, the switch is opened to direct electrical energy through the diode and energy 

1 5 storage inductor. 

1 6. The off road vehicle of claim 7, wherein the field coil power control 
apparatus, in the braking mode, varies the flow of electrical energy through the field 
coils to vary a voltage associated with the motors and an amount of energy provided 
by the motors to the energy storage system. 

20 17. The off road vehicle of claim 9, wherein (iii) is true. 

1 8. The off road vehicle of claim 1 7, wherein, in the braking mode, a first 
set of battery modules are series connected and a second set of battery modules are 
parallel connected. 
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iy. ine oil road venicie 01 claim 15, wnerem tne nrst set 01 cattery 
modules comprises first and second series connected battery modules and third and 
fourth series connected battery modules and wherein the second set of battery modules 
comprises the first and second series connected battery modules connected in parallel 
5 with the third and fourth series connected battery modules. 

20. The off road vehicle of claim 9, wherein (iv) is true. 

21 . A method for operating an off road vehicle, the off road vehicle 
including a plurality of traction motors to displace the off road vehicle and generate 
electrical energy when the vehicle is decelerating, an energy storage system to store 

10 electrical energy and provide electrical energy to the motors, a prime power source to 

provide electrical energy to at least one of the energy storage system and at least one 
motor, and a direct current (DC) bus interconnecting the at least one motor, energy 
storage system, and prime power source, the method comprising: 
(a) decelerating the vehicle; and 

15 (b) while the vehicle is decelerating, the energy storage system receiving, in 

discrete time intervals, electrical energy generated by a selected motor. 

22. The method of claim 21, wherein at least one motor is configured, in a 
braking mode, to alternately store electrical energy in and discharge energy from a 
winding of the at least one motor, whereby electrical energy provided by the motor is 

20 provided discontinuously to the energy storage system by the at least one motor. 

23. The method of claim 22, wherein the winding comprises a field coil 
and an armature coil, the field and armature coils being connected in series, and 
wherein the at least one motor comprises a switchable contact reverser operable to 
switch electrical energy in opposite directions of flow through the one of the armature 
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and field coils while maintaining a same tlow direction in me otner oi tne armature 
and field coils. 

24. The method of claim 2 1 , wherein electrical energy generated by first 
and second motors is pulsed to provide first and second sets of pulses, respectively, 
and wherein the first and second sets of pulses are temporally offset from one another. 

25 . The method of claim 2 1 , further comprising a power control apparatus, 
the power control apparatus controlling electrical energy in the at least one motor, 
wherein, in a motoring mode, electrical energy flows in a first direction through at 
least one of the armature and field coils, wherein, in a braking mode, electrical energy 
flows in a second opposite direction through the at least one of the armature and field 
coils, and wherein, in a first braking mode configuration, electrical energy flows 
through a free wheeling path and is substantially blocked from flowing to the energy 
storage system and, in a second braking mode configuration, electrical energy flows is 
permitted to flow to the energy storage system. 

26. The method of claim 2 1 , wherein, in the motoring mode, a voltage of 
at least one motor is provided by the equation: 

V^-V^+i^ + ^di/dt 

where: 

V emf is a back emf across the reverser; 

i is the electrical energy flowing through the at least one motor; 

is the total internal resistance of the at least one motor; and 
L m is the total inductance of the at least one motor. 
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27. The method of claim 26, wherein, in the braking mode, a voltage ot me at least 
one motor is provided by the equation: 

V^^V^-iF^-^ di/dt. 

28. The method of claim 25, further comprising: 

5 when in the first braking configuration, determining a magnitude of the 

electrical energy flowing through the free wheeling path; 

when the determined magnitude is at least a second predetermined level but is 
less than a first predetermined level, switching to the second decelerating 
configuration; 

10 when the determined magnitude is no more than a third predetermined level, 

switching to the first braking configuration, wherein the first predetermined level is 
more than the second predetermined level and the second predetermined level is more 
than the third predetermined level. 

29. The method of claim 28, wherein the at least one motor comprises a 
1 5 plurality of traction motors and further comprising: 

determining a power capacity of the energy storage system at each of a number 
of successive time intervals; 

determining an effective pulse width to achieve a desired energy flow from 
each motor to control the energy flow to the energy storage system; and 
20 sequentially pulsing power from each motor to the energy storage system for a 

duration necessary to achieve a selected energy flow to the energy storage system 
during each of the successive time intervals. 
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30. The method ot claim 2V, wherein power pulses Irom each motor are 
increased by increasing pulse width while maintaining a pulse frequency substantially 
constant. 

3 1 . The method of claim 29, wherein first and second motors provide 

5 energy to the energy storage system at different times by starting a first power pulse 

from the first motor at an offset from a second temporally adjacent power pulse from 
the second motor. 

32. The method of claim 3 1 , wherein the first and second power pulses are 
nonoverlapping, whereby the first and second power pulses are not additive when 

10 inputted into the energy storage system. 

33. The method of claim 28, wherein the at least one motor comprises a 
plurality of traction motors and further comprising: 

determining a power capacity of the power dissipating circuit at each of a 
number of successive time intervals; 
1 5 determining an effective pulse width to achieve a desired energy flow from 

each motor to control the energy flow to the power dissipating circuit; and 

sequentially pulsing power from each motor to the power dissipating circuit 
for a duration necessary to achieve a selected energy flow to the power dissipating 
circuit during each of the successive time intervals. 
20 34. A method, comprising: 

(a) providing an off road vehicle comprising: 

(i) a plurality of motors to displace the off road vehicle and generate 
electrical energy when the vehicle is decelerating, each of the plurality of motors 
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having an armature and a tield coil, the Held coils ot at least nrst ana secona motors 
being connected in series; 

(ii) an energy storage system operable to store electrical energy and 
provide electrical energy to the at least one motor; 
5 (iii) a prime power source operable to provide electrical energy to at 

least one of the energy storage system and at least one motor; 

(iv) a direct current (DC) bus interconnecting the at least one motor, 
energy storage system, and prime power source; and 

(v) a plurality of power control apparatuses; and 

10 (b) when the vehicle is decelerating, varying a field current passing through 

series-connected field coils to control an armature current passing through the 
armature coils during vehicular deceleration. 

35. The method of claim 34, wherein the field coils of the motors are5 
connected in series, wherein the armature coils are connected in parallel to one 

15 another and to the field coils, and wherein a field coil power control apparatus varies 

the field current. 

36. The method of claim 34, wherein, in step (b), one or more the 
following steps is performed: 

(i) switching at least two of the traction motors from parallel to series 
20 connection relative to the DC bus, whereby the series-connected motors have a higher 

voltage than a voltage of the energy storage system so that electrical energy provided 
by the series-connected motors is provided to the energy storage system; 

(ii) stepping up an output voltage of at least one of the traction motors, 
whereby the stepped up output voltage is higher than the voltage of the energy storage 
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system so that electrical energy provided by tne senes-connectea motors is proviaea 
to the energy storage system; 

(iii) switching at least two battery modules of the energy storage 
system from series to parallel connection, whereby the series connected battery 

5 modules are at a higher voltage than one or more of the motors and the parallel 

connected battery modules are at a lower voltage than one or more of the motors; and 

(iv) stepping up an input voltage from the DC bus to the energy storage 
system, whereby the stepped up input voltage is higher than the voltage of the DC bus 
and the voltage of the energy storage system so that electrical energy provided by the 

10 motors is provided to the energy storage system. 

37. The method of claim 36, wherein step (i) is performed. 

38. The method of claim 37, wherein each of the motors comprises a field 
coil and an armature coil, wherein the field coil of the series-connected motors are 
connected in series and armature coils are connected in parallel to one another and the 

15 series-connected field coils. 

39. The method of claim 38, wherein the series-connected motors are 
controlled by a common excitation chopper circuit, wherein electrical energy flow 
through the field coils is in the same direction when the vehicle is both accelerating 
and decelerating, wherein at least one power control apparatus is interposed between 

20 the motors and the DC bus, and wherein the chopper circuit maintains a charging 

energy flow to the energy storage system below a first predetermined level, a voltage 
of the energy storage system below a second predetermined level, and a state of 
charge of the energy storage system below a third predetermined level. 
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40. The method ot claim 3 /, wnerem a urst pair oi motors is connecuxi in 
series, a second pair of motors is connected in series, and the first and second pairs of 
motors are connected in parallel. 

41 . The method of claim 36, wherein step (ii) is performed. 

5 42. The method of claim 41, wherein the output voltage is stepped up by a 

boost circuit, the boost circuit comprising an energy storage inductor, an energy 
storage capacitor, a diode, and a switch, wherein the switch is connected in parallel 
with the energy storage inductor and diode, and wherein the energy storage capacitor 
is connected in series with the energy storage inductor, diode, and switch. 
10 43. The method of claim 42, wherein, when the vehicle is accelerating, the 

switch is closed to bypass the diode and energy storage inductor and, when 
decelerating, the switch is opened to direct electrical energy through the diode and 
energy storage inductor. 

44. The method of claim 43, wherein each traction motor has a 

15 corresponding field coil and armature coil, wherein the field coils are connected in 

series with one another, wherein the series-connected field coils are connected in 
parallel with one another and with the armature coils, wherein the armature coils are 
connected in parallel with one another, and wherein the vehicle further includes a 
chopper circuit and further comprising when the vehicle is decelerating: 

20 varying the flow of electrical energy through the field coils to vary a voltage 

associated with the motors and an amount of energy provided by the motors to the 
energy storage system. 

45. The method of claim 36, wherein step (iii) is performed. 
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4b. Hie metnoa oi claim 4:>, wnerem, wnen me venicie is decelerating, a 
first set of battery modules are series connected and a second set of battery modules 
are parallel connected. 

47. The method of claim 46, wherein the first set of battery modules 

5 comprises first and second series connected battery modules and third and fourth 

series connected battery modules and wherein the second set of battery modules 
comprises the first and second series connected battery modules connected in parallel 
with the third and fourth series connected battery modules. 

48. The method of claim 36, wherein step (iv) is performed. 
10 49. A method, comprising: 

(a) providing an off road vehicle comprising: 

(i) a plurality of motors to displace the off road vehicle and generate 
electrical energy when the vehicle is decelerating, each of the plurality of motors 
having an armature coil and a field coil, the field coils of at least first and second 

1 5 motors being connected in series; 

(ii) an energy storage system operable to store electrical energy and 
provide electrical energy to the at least one motor; 

(iii) a prime power source operable to provide electrical energy to at 
least one of the energy storage system and at least one motor; 

20 (iv) a direct current (DC) bus interconnecting the at least one motor, 

energy storage system, and prime power source; and 

(v) a plurality of power control apparatuses; and 

(b) when the vehicle is decelerating, allowing at least a portion of the electrical 
energy generated by the motors to flow back to an alternator of the prime power 
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source, wherein, in response to the flow ot electrical energy, tne alternator turns a 
crank shaft of the prime power source, thereby dissipating electrical energy. 

50. The method of claim 49, further comprising: 

(c) when step (b) is not performed, directing the electrical energy generated by 
5 the motors to the energy storage system; 

(d) when at least one of a state of charge of the energy storage system, a rate of 
charge of the energy storage system, and an electrical energy level flowing into the 
energy storage system exceeds a selected threshold, thereafter performing step (b). 

5 1 . The method of claim 49, further comprising: 

10 (c) when step (b) is not performed, directing at least some of the electrical 

energy generated by the motors to a dissipating resistive grid; 

(d) when the dissipating resistive grid has a temperature above a selected 
threshold, thereafter performing step (b). 

52. A method for controlling an off road vehicle, comprising: 

15 (a) when the vehicle is decelerating, determining a current level in each of a 

plurality of armature windings when each of a plurality of traction motors is in a free- 
wheeling mode, the current being generated by the traction motors; 

(b) when each of the measured current levels does not exceed a first 
predetermined level and when each of the measured current levels exceeds a second 

20 predetermined level less than the first predetermined level, switching from the free- 

wheeling mode to a regeneration mode in which electrical energy is provided by the 
traction motors to an energy storage system; and 

(c) when the current level is less than a third predetermined level less than the 
second predetermined level, switching back to the free-wheeling mode. 
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53 . The method of claim f>2, turtJier compnsmg: 

(d) determining a power capacity of the energy storage system at each of a 
number of successive time intervals; 

(e) determining a necessary effective power pulse width to achieve a desired 
5 flow of electrical energy from each motor so as to apportion an energy flow between 

the energy storage system and a dissipating device; and 

(f) sequentially pulsing power from each motor to at least one of the energy 
storage system and dissipating device to achieve the determined effective power pulse 
width over each of the successive time intervals. 

1 o 54. The method of claim 53, wherein power pulses from each motor are 

increased by increasing pulse width while maintaining pulse frequency substantially 
constant. 

55. The method of claim 53, wherein electrical energy provided to the 
energy storage system is input at different times from different motors by starting 

1 5 power pulses from each motor at an offset relative to temporally adjacent power 

pulses from other motors. 

56. The method of claim 55, wherein the offsets are substantially 

maximized. 

57. The method of claim 52, further comprising: 
20 (d) determining a speed of the vehicle; 

(e) determining a Direct Current (DC) bus voltage of a bus interconnecting the 
energy storage system and motors; 

(f) determining a voltage of the energy storage system and a State-Of-Charge 
(SOC) of the energy storage system; 
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(g) determining whetner at least one 01 me energy storage sysxem vouage anu 

SOC is below a fourth predetermined level; 

(h) when the at least one of the energy storage system voltage and SOC is not 
below the fourth predetermined level, not performing step (b) and decreasing an 

5 excitation current to each of the traction motors; and 

(i) when the at least one of the energy storage system voltage and SOC is not 
below the fourth predetermined level, performing step (b). 
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Figure 16 



16/24 



WO 2006/020587 



PCT/US2005/028178 



2011 



2010 




2008 



4 




1 




4 



+' 



2003 



2004 



2002 



2007 



2005 2006 



Figure 17 



17/24 




18/24 



WO 2006/020587 



PCT/US2005/028178 




19/24 



WO 2006/020587 



PCT/US2005/028178 



O 
O 
CM 

cb 
Ll 



o 

CM 



^ — 



tVn 



CM 



O 
CO 
CM 



<■ — ^ — J^!ln 



■ft 



TV 



/ T 



CO 
CM 



1 1 nnrv, — . v^^zj — 



'8 



s 
a 



ft- 



8 



8 



CO 

o 

CM 

■ 

CD 



O 
CM 

Ll. 



20/24 



WO 2006/020587 



PCT/US2005/028178 




Determine Locomotive Speed 



Determine DC Bus Voltage 



Determine Energy Storage 
System Parameters 



Determine Energy Dlssipatlv© 
Systems Parameters 



2405 



2400 



2401 



2402 



2403 



2404 



Determine Traction Motor 
Parameters 



2406 




Go to Motor Circuit Voltage 
Control Subroutine 



2408 



2409 



2410 



Y 




i 


t 


Goto Motor Circuit Voltage 
Control Subroutine 


< 


f 


Go to Voltage Control for Energy 
Storage System Subroutine 








2407 



Go to Motor Circuit Voltage 
Control Subroutine 



Go to Voltage Control for Energy 
Dissipating System Subroutine 



2415 




Return to Begin 
Dynamlc/Regen }*<- 
Braking Cycle 




2411 



2412 



Figure 21 



21/24 



WO 2006/020587 



PCT/US2005/028178 




Figure 22 



22/24 



WO 2006/020587 



PCT/US2005/028178 




Figure 23 



23/24 



WO 2006/020587 



PCT/US2005/028178 




2706 



Reduce Input Voltage as Seen 
by Dissipating System 



Figure 24 



24/24 



